This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



Serial No.: 10/621,620 



* - . Confirmation No.: 1875 

Gr oup Art Unit: 1724 

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
6 December 2001 (06.12.2001) 




PCT 



(10) International Publication Number 

WO 01/91846 A2 



(51) International Patent Classification 7 : A61M 37/00 

(21) International Application Number: PCI7US01/17188 

(22) International Filing Date: 24 May 2001 (24.05.2001) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

09/580,780 
09/580,819 
09/579,798 
09/614,321 



26 May 2000 (26.05 .2000) US 

26 May 2000 (26.05.2000) US 

26 May 2UUUC26.OS.2UUU) US 

12 July 2000 ( 12.07.2000) US 



(71) Applicant: THE PROCTER & GAMBLE COMPANY 

IUS/USJ; One Procter & Gamble Plaza, Cincinnati, OH 
45202 (US), 

(72) Inventors: YUZHAKOV, Vadim, Vladimirovich; 8336 
Four Winds Drive, Apartment 8, Cincinnati, OH 45231 



(US). GARTSTEIN, Vladimir; 11187 Huntwicke Place, 
Cincinnati, OH 45241 (US). OWENS, Grover, David; 
1612 Oak Valley, Fairfield, OH 45014 (US). 

(74) Agents: REED, T., David cl'al.; The Procter & Gam- 
ble Company, 5299 Spring Grove Avenue, Cincinnati, OH 
45217-1087 (US). 

(81) Designated States (national)'. AE, AG, AL, AM, AT, AT 
(utility model), AU, AZ, BA. BB, BG, BR, BY, BZ, CA, 
CH, CN, CO, CR, CU, CZ, CZ (utility model), -DE, DE 
(utility model), DK, DK (utility model), DM, DZ, EC, EE. 

ii?r? r..iZ\i*-. T7C 171 I7i ^j-._in rxv> f3X\ /"if? 

LJjil yuuniy iliuuti/, l », * 1 yumuy HHJuC*/, WW, \.JM*s. Ml-, 

GH, GM, HK, HU, ID, FL, IN, IS, J|> KE, KG, KP, KR, KZ, 
LC, LK, LR, LS, LT, LU, LV, MA, Ml), MG, MK, MN, 
MW, MX, MZ, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, 
SK, SK (utility model), SL, TJ, TM, TR, IT, TZ, UA, UG, 
UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARTPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 

[Continued on next page] 



=== (54) Title: MICRONEEDLE APPARATUS USED FOR MARKING SKIN AND FOR DISPENSING SEMI- PERMANENT StJB- 
^= CUTANEOUS MAKEUP , 











— D2 




12 




H 















< 

00 

1— I 

0\ 



O 




(57) Abstract: An array of 
. microneedles is provided to apply . 
semi-permanent or permanent 
markings to skin, or to apply 
semi -permanent subcutaneous 
makeup or other cosmetic compounds 
to skin. The microneedles can apply 
identifications or other tattoo-like 
graphics, and will not enter into the 
dermal layer of the skin so that the 
application procedure is painless. The 
markings can be made permanent or 
semi-permanent, and can be applied 
with monochrome or multi-color 
inks, or even inks that arc not visible 
at human eye wavelengths. The 
preferred inks contain particles . of 
a certain minimum size that will 
not diffuse too far through the skin, 
thereby maintaining a high resolution, 
and if placed into the epidermis, the marking will disappear from the skin after a time period. The microneedle array is also useful 
for delivering specific compounds or actives into the skin, such as cosmetic compounds or nutrients, or various skin structure 
modifiers that can be delivered subcutaneously without having to visit a cosmetic surgery clinic. In addition, color cosmetics could 
also be delivered subcutaneously to provide long-term benefits for the skin, and even makeup or lipstick -type coloring compounds 
can be delivered by useof the microneedle patches described hereinabove. The color cosmetics are delivered into the epidermis, 
where they remain in place for at least one or two months. Since the epidermis is renewable, the color makeup or color cosmetics 
that are delivered would eventually wear out, since the epidermis is renewable; the delivered color pigment or dye, or skin structure 
support actives (such as polymers) will remain in the epidermis for only a finite time (e.g., 1-3 months), and then will be expunged 
from the body. This allows a person to change their "look" according to changes in fashion and style, which typically change 
every season. 
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MICRONEEDLE APPARATUS USED FOR MARKING SKIN AND FOR 
DISPENSING SEMI-PERMANENT SUBCUTANEOUS MAKEUP 

Technical Field 

The present invention relates generally to medical devices and is particularly 
directed to a skin marking device and fluid dispensing device of the type which, in one 
embodiment penetrates the stratum cbrneum and epidermis, but not into the dermis of 
skin, so as to inject fluids into the epidermis. The invention is specifically disclosed as an 
array of microneedles which painlessly and with minimal trauma to the skin enable fluid 
transfer into the skin as a dispensing device, and can provide color patterns to the skin or 
provide cosmetic compounds or skin support structures to be semi-permanently placed 
into the epidermis. 

Background of the Invention 

Topical delivery of drugs is a very useful method for achieving systemic or 
localized pharmacological effects. The main challenge in transcutaneous drug delivery is 
providing sufficient drug penetration across the skin. The skin consists of multiple layers 
starting with a stratum corneum layer about (for humans) twenty (20) microns in thickness 
(comprising dead cells), a viable epidermal tissue layer about seventy (70) microns in 
thickness, and a dermal tissue layer about two (2) mm in thickness. 

The thin layer of stratum corneum represents a major barrier for chemical 
penetration through skin. The stratum corneum is responsible for 5 0% to 90% of the skin 
barrier property, depending upon the drug material's water solubility and molecular weight. 
The epidermis comprises living tissue with a high concentration of water. This layer 
presents a lesser barrier for drug penetration. The dermis contains a rich capillary network 
close to the dermal/epidermal junction, and once a drug reaches the dermal depth it 
diffuses rapidly to deep tissue layers (such as hair follicles, muscles, and internal organs), 
or systemically via blood circulation. 
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in the range of 30-50 microns, and provide a trans-dermal or trans-mucous delivery 
system, which can be enhanced with ultrasound. 

Another structure, disclosed in WO 97/48440, WO 97/48441, and WO 97/48442 
(by ALZA Corp.) is in the form of a device for enhancing transdermal agent delivery or 
sampling. It employs a plurality of solid metallic microblades and anchor elements, etched 
from a metal sheet, with a length of 25-400 mm. WO 96/37256 (by Silicon Microdevices, 
Inc.) disclosed another silicon microblade structure with blade lengths of 10-20mm. For 
enhancing transdermal delivery. 

Most of the other conventional drug delivery systems involve an invasive needle or 
plurality of needles. An example of this is U.S. Patent Number 5,848,991 (by Gross) 
which uses a hollow needle to penetrate through the epidermis and into the dermis of the 
subject's skin when the housing containing an expansible/contractible chamber holding a 
reservoir of fluidic drug is attached to the skin. Another example of this is U.S. Patent 
Number 5,250,023 (by Lee) which administers fluidic drugs using a plurality of solid 
needles that penetrate into the dermis. The Lee drug delivery system ionizes the drug to 
help transfer the drug into the skin by an electric charge. The needles are disclosed as 
being within the range of 200 microns through 2,000 microns. 

Another example of a needle that penetrates into the dermis is provided in U.S. 
.5,591,139, WO 99/00155, and U.S. 5,855,801 (by Lin) in which the needle is processed 
using integrated circuit fabrication techniques. The needles are disclosed as having a 
length in the range of 1,000 microns through 6,000 microns. 

The use of microneedles has great advantages in that intracutaneous drug delivery 
can be accomplished without pain and without bleeding. As used herein, the term 
"microneedles" refers to a plurality of elongated structures that are sufficiently long to 
penetrate through the stratum corneum skin layer and into the epidermal layer, yet are also 
sufficiently short to not penetrate to the dermal layer. Of course, if the dead cells have 
been completely or mostly removed from a portion of skin, then a very minute length of 
microneedle could be used to reach the viable epidermal tissue. 

Since microneedle technology shows much promise for drug delivery, it would be a 
further advantage if a microneedle apparatus could be provided to sample fluids within 
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another advantage of the present invention to provide a method of manufacturing an array 
of microneedles in which a metal mold is initially manufactured for use in a 
microembossing procedure, while allowing a sufficient separation distance between 
individual microneedles of the array, then use a procedure for creating hollow chambers 
and through-holes in the substrate of the microneedle array. It is yet another advantage of 
the present invention to provide a microneedle array that has sensing capabilities using 
optical, spectroscopic, colorimetric, electrochemical, thermal, gravimetric, and light 
scattering sensing means. It is still another advantage of the present invention to provide a 
method for manufacturing an array of microneedles that uses shear forces during a de- 
molding procedure to create sharp hollow microneedles. It is still a further advantage of 
the present invention to provide a microneedle array in the form of a microneedle "patch" 
that dispenses a fluid to apply permanent or semi-permanent markings to skin, or to 
transfer actives such as cosmetic compounds or skin support structures into the epidermis. 
It is yet a further advantage of the present invention to provide a microneedle patch that 
dispenses a fluid to apply permanent or semi-permanent markings to skin, or to transfer 
actives such as cosmetic compounds or skin support structures into the epidermis by use 
of an electrically-powered pressure generating actuation system, or by use of a manually 
actuated membrane. It is still another advantage of the present invention to provide a 
microneedle patch having solid microneedles to penetrate skin and thereby assist 
intradermal delivery of solid particles, fluids, or suspensions of particles in a fluid. 

Additional advantages and other novel features of the invention will be set forth in 
part in the description that follows and in part will become apparent to those skilled in the 
art upon examination of the following or may be learned with the practice of the invention. 

To achieve the foregoing and other advantages, and in accordance with one aspect 
of the present invention, a first embodiment of an improved microneedle array is 
constructed of silicon and silicon dioxide compounds using MEMS (Le., Micro-Electro- 
Mechanical-Systems) technology and standard microfabrication techniques. The 
microneedle array may be fabricated from a silicon die which can be etched in a 
microfabrication process to create hollow or solid individual microneedles. The resulting 
array of microneedles can penetrate with a small pressure through the stratum corneum of 
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copper, iron, tungsten, and their alloys. The molds alternatively can be fabricated by 
microfabrication techniques, including deep reactive etching to make silicon, silicon 
dioxide, and silicon carbide molds. Also, LIGA or deep UV processes can be used to 
make molds and/or electroplated metal molds. 

The manufacturing procedures for creating plastic (or other moldable material) 
arrays of microneedles include: M self-molding, H micromolding, microembossing, and 
microinjection techniques! In the "self-molding' 11 method, a plastic film (such as a polymer) 
is placed on a micropillar array, the plastic is then heated, and plastic deformation due to 
gravitational force causes the plastic film to deform and create the microneedle structure. 
Using this procedure, only a single mold-half is required. When using the micromolding 
technique, a similar micropillar array is used along with a second mold-half, which is then 
closed over the plastic film to form the microneedle structure. The micro-embossing 
method uses a single mold-half that contains an array of micropillars and conical cut-outs 
(microholes) which is pressed against a flat surface (which essentially acts as the second 
mold-half) upon which the plastic film is initially placed. In the microinjection method, a 
melted plastic substance is injected between two micro-machined molds that contain 
microhole and micropillar arrays. 

Of course, instead of molding a plastic material, the microneedle arrays of the 
present invention could also be constructed of a metallic material by a die casting method 
using some of the same structures as are used in the molding techniques discussed above. 
Since metal is somewhat more expensive and more difficult to work with, it is probably not 
the preferred material except for some very stringent requirements involving unusual 
chemicals or unusual application or placement circumstances. The use of chemical 
enhancers, ultrasound, or electric fields may also be used to increase transdermal flow rate 
when used with the microneedle arrays of the present invention. 

In the dispensing of a liquid drug, the present invention can be effectively combined 
with the application of an electric field between an anode and cathode attached to the skin 
which causes a low-level electric current. The present invention combines the microneedle 
array with electrophoretic (e.g., iontophoresis) or electroosmotic enhancement, which 
provides the necessary means for molecules to travel through the thicker dermis into or 
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microneedle is provided having at least one blade with a relatively sharp edge to assist in 
penetrating the stratum comeum of skin. In a preferred embodiment of a bladed or edged 
solid microneedle, a three pointed star-shaped solid microneedle is provided in which each 
blade has a triangular cross-section when viewed from the top of the microneedle, and 
each of these triangles approximates that of an isosceles triangle; The base of each of the 
isosceles triangles meets at a center of the microneedle to form a star-shaped structure 
when seen from the top of the microneedle. At least one hole through the substrate 
preferably is located near the side surfaces of at least one pair of blades of the solid 
microneedle, and preferably a through-hole would be located near each pair of such blades. 
In this preferred embodiment, there would be three edged blades and three adjacent 
through-holes in the substrate for each microneedle. 

. In a further alternative embodiment, a porous polymer, such as a hydrogel or solgel 
matrix can be impregnated with active material and deposited in the inside corners between 
the blades of the star. This provides an additional delivery mechanism. 

The microneedle arrays of the present invention are significantly improved by using 
a proper separation distance between each of the individual microneedles. A very useful 
range of separation distances between microneedles is in the range of 100-300 microns, 
and more preferably in the range of 100-200 microns. The outer diameter and microneedle 
length is also very important, and in combination with the separation distance will be 
crucial as to whether or not the microneedles will actually penetrate the stratum comeum 
of skin. For hollow circular microneedles, a useful outer diameter range is from 20-100 
microns, and more preferably in the range of 20-50 microns. For circular microneedles 
that do not have sharp edges, a useful length for use with interstitial fluids is in the range 
of 50-200 microns, and more preferably in the range of 100-150 microns; for use with 
other biological fluids, a useful length is in the range of 200 microns - 3 mm, and more 
preferably in the range of 200-400 microns. 

For circular hollow microneedles having sharp edges (such as those having the 
blades with triangular shaped edges), a useful length for use with interstitial fluids is in the 
range of 50-200 microns, and more preferably in the range of 80-150 microns; for use with 
other biological fluids, a useful length is again in the range of 200 microns - 3 mm, and 
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creates hollow microneedles, in which the through-holes that normally need to be later 
created in the substrate have already been created in advance by the first pressing or 
molding procedure. 

Another refinement of the present invention is to create a microneedle array that 
has sensing capabilities. In this structure, the tips or side grooves of the microneedles are 
coated with a particular chemical that aids in detecting a particular chemical or biological 
structure or fluid that come into contact with the tips of the microneedles. A sensing 
means is performed by the use of optical energy, for example such as a laser light source 
that is directed through the microneedle structure, in which the microneedles themselves 
are made of substantially transparent material. Other sensing mechanisms also could be 
used, as discussed hereinbelow. 

A further alternative manufacturing process for hollow or solid microneedles is to 
create shear forces along the outer surfaces of the distal or tip portion of the hollow or 
solid microneedle during its molding or embossing process. The shear forces are actually 
created during the de-molding step while the microneedle array material is being cooled. 
The amount of shear can be controlled by the cool-down temperature, and if properly done 
will result in microneedles having sharp edges (rather than smooth edges) along their 
upper surfaces at their tips. 

An array of microneedles is also provided to apply semi-permanent or permanent 
markings to skin, or to apply semi-permanent subcutaneous makeup or other cosmetic 
compounds to skin. The microneedles can apply identifications or other tattoo-like 
graphics, and will not enter into the dermal layer of the skin so that the application 
procedure is painless, The markings can be made permanent or semi-permanent, and can 
be applied with monochrome or multi-color inks, or even inks that are not visible at human 
eye wavelengths. The preferred inks contain particles of a certain minimum size that will 
not diffuse too far through the skin, thereby maintaining a high resolution, and if placed 
into the epidermis, the marking will disappear from the skin after a time period. 

The microneedle array is constructed in the form of a microneedle "patch" that is 
attached to the skin at the time the ink is to be transferred from the microneedles to the 
epidermis. This patch structure can be actuated manually with a human finger, or 
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forming color patterns if desired. 

Still other advantages of the present invention will become apparent to those 
skilled in this art from the following description and drawings wherein there is described 
and shown a preferred embodiment of this invention in one of the best modes 
contemplated for carrying out the invention. As will be realized, the invention is capable 
of other different embodiments, and its several details are capable of modification in 
various, obvious aspects all without departing from the invention. Accordingly, the 
drawings and descriptions will be regarded as illustrative in nature and not as restrictive. 

Brief description of the Drawings 

The accompanying drawings incorporated in and forming a part of the specification 
illustrate several aspects of the present invention, and together with the description and 
claims serve to explain the principles of the invention. In the drawings: 

Figure 1 is an elevational view in partial cross- section of a bottom mold provided 
at the initial step of a "self-molding" method of manufacturing an array of plastic 
microneedles, as constructed according to the principles of the present invention. 

Figure 2 is an elevational view in partial cross-section of the mold of Figure 1 in a 
second step of the self-molding procedure. 

Figure 3 is an elevational view in partial cross-section of the mold of Figure 1 in a 
third step of the self-molding procedure. 

Figure 4 is an elevational view in partial cross-section of the mold of Figure 1 in a , 
fourth step of the self-molding procedure. 

Figure 5 is an elevational view in partial cross-section of the mold of Figure 1 in a 
. fifth step of the self-molding procedure. 

Figure 6 is an elevational view in cross-section of an array of hollow microneedles 
constructed according to the self-molding procedure depicted in Figures 1-5. 

Figure 7 is a cross-sectional view of a top mold-half used in a micromolding 
procedure, according to the principles of the present invention. 
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Figure 19 is a cross-sectional view of the semiconductor wafer of Figure 18 after a 
hole pattern has been established, and after a silicon nitride layer has been deposited. 

Figure 20 is a cross-sectional view of the wafer of Figure 18 after a photoresist 
mask operation, a deep reactive ion etch operation, and an oxidize operation have been 
performed. 

Figure 21 is a cross-sectional view of the wafer of Figure 20 after the silicon nitride 
has been removed, and after a deep reactive ion etch has created through holes, thereby 
resulting in a hollow microneedle. 

Figure 22 is a perspective view of a microneedle array on a semiconductor 
substrate, including a magnified view of individual cylindrical microneedles. 

Figure 23 is a cross-sectional view of an electrophoretically enhanced body-fluid 
sensor, based upon a hollow microneedle array, as constructed according to the principles 
of the present invention. 

Figure 24 is a cross-sectional view of an electrophoretically enhanced body-fluid 
sensor, based upon a solid microneedle array, as constructed according to the principles of 
the present invention. 

Figure 25 is a cross-sectional view of an electrode, based upon a hollow 
microneedle array, as constructed according to the principles of the present invention. : 

Figure 26 is a cross-sectional view of an electrode, based upon a solid microneedle 
array, as constructed according to the principles of the present invention. 

Figure 27 is a perspective view of a sensing system attached to a human hand and 
forearm, which includes an electrophoretically enhanced body-fluid sensor as per Figure 23 
and an electrode as per Figure 25. 

Figure 28 is a cross-sectional view of an electrophoretically enhanced drug delivery 
system, based upon a hollow microneedle array, as constructed according to the principles 
of the present invention. 

Figure 29 is a cross-sectional view of an electrophoretically enhanced drug delivery 
system, based upon a solid microneedle array, as constructed according to the principles of 
the present invention. 
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microneedles at a separation distance of 150 microns. 

Figure 46 is a table of microneedle penetration data for an array of edged hollow 
microneedles at a separation distance of 200 microns. 

Figure 47 is a table of microneedle penetration data for an array of edged hollow 
microneedles at a separation distance of 250 microns. 

Figure 48 is a table of microneedle penetration data for an array of edged hollow 
microneedles at a separation distance of 300 microns. 

Figure 49 is a graph showing the effect of microneedle separation versus 
transdermal flux. 

Figure 50 is a graph showing the effect of microneedle length versus transdermal 
flux for two different microneedle separation distances. 

Figure 51 is a graph showing the effect of microneedle length versus a ratio of 
transdermal flux versus skin damage, for two different microneedle separation distances. 

Figure 52 is a graph showing the effect of applied pressure of a fluid versus 
transdermal flux for a particular microneedle array. 

Figures 53 A-5 3 E are elevational views in cross-section illustrating steps for 
preparing a mold for a micromolding procedure to create hollow circular microneedles. 

Figures 54A-54F are elevational views in cross-section of process steps for a 
micro embossing procedure to create hollow microneedles, as well as micromachining and 
laser burning steps to create hollow chambers and through-holes in the bottom of the 
substrate structure. 

Figures 55A-55F are elevational views in cross-section of further process steps for 
creating hollow microneedles. 

Figure 56A-56B are an elevational views in cross-section of microneedle arrays 
that have sensing capabilities using optical devices or chemical coatings. 

Figures 57A-57B are side elevational views of a de-molding procedure to create 
sharp hollow microneedles. 

Figure 58 is an elevational view in cross-section of an electrically-powered 
microneedle patch used for transferring a fluidic multi-color marking or compound to skin, 
as constructed according to the principles of the present invention. 
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Reference will now be made in detail to the present preferred embodiment of the 
invention, an example of which is illustrated in the accompanying drawings, wherein like 
numerals indicate the same elements throughout the views. 

Referring now to the drawings, Figure 1 shows a mold generally designated by the 
reference numeral 10 that comprises a plurality of micropillars, including micropillars 12 
and 14, that are mounted to a base 16 having a planar upper surface 18. Micropillar 12- 
preferably is cylindrical in shape, and has an outer diameter designated "Dl," whereas 
micropillar 14 (which also preferably is cylindrical in shape) has a diameter designated 
"D2." The centerlines of micropillars 12 and 14 are separated by a distance "D3," and the 
vertical height of micropiiiars 12 and 14 is designated by the letter "LI." 

In a preferred configuration, the diameters Dl and D2 are in the range of 1-49 
microns, more preferably about ten (10) microns (i.e., 10 microns =10 micrometers), the 
height LI in the range of 50-3000 microns, whereas the separation distance D3 is in the 
range of 50-1000 microns, more preferably from 50-200 microns. 

Microeiectrode-discharge machining can be used to fabricate the mold 10 from 
metals, such as stainless steel, aluminum, copper, iron, tungsten, or other metal alloys. 
Mold 10 could also be fabricated from silicon or silicon carbide using integrated circuit 
processing, or photolithographic processing. 

Figure 2 depicts the mold 10 and a thin layer of plastic, such as a polymer film, 
designated by the reference numeral 20, which is placed on the micropillars 12 and 14, 
thereby making contact at the reference numerals 22 and 24, respectively. Once the 
polymer film is placed on the micropillars, the polymer is heated to just above the melting 
temperature of the plastic material. Micropillars 12 and 14 are heated to above the glass 
transition temperature of the plastic material, but are preferably held below the melting 
temperature of the plastic material. This establishes a temperature gradient within the 
plastic film, after which the plastic film is subjected to natural gravitational forces, or 
placed in a centrifuge. Furthermore, an air-pressure gradient also can be established across 
the deforming plastic film, by applying pressure from above, or by applying a vacuum from 
below the film level. The overall effect on the plastic film is that it will undergo a "self- 
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The inner diameter of the left-hand microneedle 62 is indicated by the distance 
"Dl," and the inner diameter of the right-hand microneedle 64 is indicated by the distance 
"D2." These distances Dl and D2 are substantially the same distance as the diameter of 
micropillars 12 and 14, as indicated in Figure 1. Furthermore, the distance D3 between the 
centerlines of the microneedles on Figure 6 is essentially the same as the distance D3 
between the micropillars on Figure 1. The length "L2" of the microneedles on Figure 6 is 
somewhat less than the length LI on Figure 1, although this length L2 could theoretically 
be a maximum distance of LI. 

It will be understood that the plastic material (also referred to herein as the 
"polymer film") may consist of any type of permanently deformable material that is capable 
of undergoing a gradual deformation as its melting point is reached or slightly exceeded. 
This "plastic material" could even be some type of metallic substance in a situation where 
the metallic material would deform at a low enough temperature so as to not harm the 
mold itself The preferred material is a polyamide such as nylon, although many other 
types of polymer material certainly could be used to advantage. Other potential materials 
include: polyesters, vinyls, polystyrenes, polycarbonates, acrylics such as PMMA, 
polyurethanes, epoxides, phenolics, and acrylonitriles like acrylonitrilebutadienestyrene 
(ABS). Of course, one important criterion is that the material which makes up the 
microneedles does not chemically react with skin, or with the fluidic substance that is being 
transported through the hollow interiors of the microneedle array. 

Figure 7 depicts a top mold-half, generally designated by the reference numeral 
110, of a second embodiment of the present invention in which the manufacturing method 
for creating an array of hollow microneedles is performed by a micromolding procedure. 
The top mold-half 1 10 includes two "microholes" that have sloped side walls, designated 
by the reference numerals 112 and 114 for the left-hand microhole 113, and by the 
reference numerals 1 1 6 and 1 1 8 for the right-hand microhole 117. The microholes 113 
and 117 have a vertical (in Figure 7) dimension referred to herein as a distance "Lll". 
Microholes 1 13 and 117 correspond to a pair of micropillars 122 and 124 that are part of a 
bottom mold-half, generally designated by the reference number 120, and illustrated in 
Figure 8. 
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before the next step of the procedure. In Figure 9, the top mold-half 110 is pressed 
downward and begins to deform the plastic film 130. While a portion of the plastic 
material 130 temporarily resides above the micropillars at 132 and 134, a larger amount of 
the plastic material is pressed downward directly by the mold top-half 1 10 at 140, 142, and 
144. As can be seen in Figure 9, the two mold halves 1 10 and 120 are aligned so that the 
microholes 113 and 117 correspond axially to the micropillars 122 and 124, respectively. 
The two mold halves now begin to operate as a single mold assembly, generally designated 
by the reference numeral 100. 

In Figure 10, the two mold halves 110 and 120 have completely closed, thereby 
squeezing all of the plastic material 130 away from the tops of the micropillars 122 and 
124. At this point, the plastic microneedles are formed, and the mold and the plastic 
material are both cooled down. 

The wall 112 and 114 of the first microhole 113 causes a side outer wall , to be 
formed out of the plastic material at 150 and 152. The corresponding inner wall of the 
microneedle 182 is depicted at 160 and 162, which is caused by the shape of the 
micropillar 122. Since the outer wall is sloped, it will converge with the inner wall 160 
and 162, near the top points at 170 and 172. A similar outer wall 154 and 156 is formed 
by the inner wall 1 16 and 118 of microhole 1 17. The inner wall of the microneedle 184 is 
depicted at 164 and 166, and these inner and outer walls converge near points 174 and 

176. _ " - •.. •■ ' ■ 

Figure 1 1 illustrates the microneedle array, generally designated by the reference 
numeral 180, after the mold is removed from the plastic material 130. A lower relatively 
planar base remains, as illustrated at 140, 142, and 144. On Figure 11, two different 
microneedles are formed at 182 and 184. The angles formed by the walls are as follows: 
angle All by walls 150 and 160, angle A12 by walls 162 and 152, angle A13 by walls 154 
and 164, and angle A 14 by walls 166 and 156. The points at the top if the microneedles 
(designated at 170, 172, 174, and 176) are fairly sharp, and this sharpness can be adjusted 
by the shape of the mold with respect to the microholes and micropillar orientations. 

The inner diameter of microneedle 182 is designated by the distance Dll, and the 
inner diameter of the microneedle 184 is designated by the distance D12. The distance 
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Microhole 213 and micropillar 222 have an angular relationship as illustrated by the 
angles "A21" and "A22." A similar anguiar relationship exists for microhole 217 and 
micropillar 224, as illustrated by the angles "A23" and "A24." These angles A21-A24 will 
preferably be in the range of zero (0) to forty-five (45) degrees from the vertical. As noted 
hereinabove, the greater the angle, the greater the transport rate, however, also the greater 
trauma to the skin tissue when used. 

Micropillar 222 preferably has a cylindrical shape with an outer diameter 
designated at "D21," and micropillar 224 similarly has a preferred cylindrical shape having 
a diameter "D22." Diameters D21 and D22 preferably are in the range 1-49 microns, more 
preferably about 10 microns. The distance "D23" represents the separation distance 
between the center lines of micropillars 222 and 224, which preferably is in the range 50- 
1000 microns, more preferably in the range of 100-200 microns. 

The length of the micropillars from the bottom surface 228 of the top mold-half 
210 to the closed end of the microholes at 215 and 225, respectively, is designated as the 
length "L21." The micropillars 222 and 224 are somewhat longer than this length L21, 
since they are to mate against the upper surface 242 of the bottom mold-half 240, and 
therefore are longer by a distance designated as "L25." In this manner, the microneedles 
will be hollow throughout their entire length. The combined length of dimensions L21 and 
L25 preferably will be approximately 150 microns; 

The molds 210 and 240 will preferably be made from a metal, in which 
microelectrode-discharge machining can be used to fabricate such metallic molds. 
Alternatively, the molds could be fabricated from silicon or silicon carbide, for example, 
using integrated circuit processing or lithographic processing. 

Referring now to Figure 13, after the plastic material is heated above its glass 
transition temperature, thereby causing the plastic material to become sufficient pliable or 
"soft" for purposes of permanently deforming the material's shape. Preferably, the 
temperature of the plastic material will not be raised above its melting temperature, 
although it would not inhibit the method of the present invention for the plastic material to 
become molten just before the top mold 210 begins to be pressed down against the plastic 
material 230. This top mold movement begins to deform that plastic material 230 such 
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constructed in this manner). The height L22 could also be a greater distance for use with 
. other biological fluids, preferably in the range of 200-3000 microns. The thickness L25 
can be of any size, however, the important criterion is that it be thick enough to be 
mechanically sound so as to retain the microneedle structure as it is used to penetrate the 

skin. 

The inside diameter of the hollow microneedles is illustrated as D21 and D22, 
which correspond to the diameters of a cylindrical hollow opening. The distance D23 
represents the separation distance between the centerlines of the two microneedles 282 and 
284, in this array 280. 

Figure 15 A represents an alternative embodiment in which a microneedle array 290 
comprises 11 solid" microneedles 292 and 294, rather than hollow microneedles as seen at 
282 and 284 on Figure 15. These solid microneedles 292 and 294 are formed by a similar 
mold as viewed on Figure 12, but with the micropillars 222 and 224 removed from this 
mold, and a change in shape of the microholes 213 and 217. This simple change allows 
the solid microneedles to be formed within conical microholes (not shown on Figure 12), 
and produces a pointed conical shape, as exhibited by the outer conical wall 250 and 252 
for microneedle 292, with a top pointed surface at 296. Similarly, the microneedle 294 has 
a conical outer wall 254 and 256, with a similar top pointed surface at 298. The other 
dimensions and features of the solid microneedle array 290 can be exactly the same as 
those features of the hollow microneedle array 280 of Figure 15, or the dimensions may be 
different since this is for a different application. 

The holes 251, 253, 255, can be fabricated during the microstamping or 
microembossing procedure via inclusion of appropriate micropillars located adjacent to the 
microholes 213 and 217 in Figure 12. 

Referring to Figure 16, a mold 300 consists of two mold-halves 310 and 340. 
These mold-halves 310 and 340 are virtually identical in shape, and probably in size, as 
compared to the mold-halves 210 and 240 of the mold 200 on Figure 12. The main 
difference in Figure 16 is that these mold-halves are to be used in a microinjection 
procedure in which molten plastic material is injected from the side at 330 into the opening 
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dimension L31 on Figure 16, assuming the mold was properly filled with material. A 
preferred distance for L3 2 is in the range of 50-200 microns. , 

The plastic material 330 has a planar base structure, as illustrated at 344, 346, and 
348. The thickness of this base structure is the dimension L35. The microneedles 
themselves exhibit a conical outer wall at 350 and 352 for the left-hand microneedle 382, 
and at 354 and 356 for the right-hand microneedle at 384. Each microneedle has a hollow 
interior, as illustrated by the cylindrical surface 360 and 362 for microneedle 382, and 364 
and 366 for microneedle 384. These surfaces converge to form points (as illustrated on 
Figure 17) at 370 and 372 for microneedle 382, and at 374 and 376 for microneedle 384. 
The convergence angle of these walls is designated by the angles A3 1- A3 4, and preferably 
will be in the range of zero (0) to forty-five (45) degrees. 

The inner diameter of microneedle 382 is given by the dimension D31, and for 
microneedle 384 is given by dimension D32. These dimensions preferably are in the range 
1-49, more preferably about 10 microns. The separation distance between the center lines 
of the microneedles is given at D33, which preferably is in the range 50-1000 microns, 
more preferably in the range of 100-200 microns. The height L32 is preferably in the 
range of 50-3000 microns and, depending upon the convergence angle A31-A34, the 
bottom width of the conical microneedles will vary depending upon the exact application 
for usage. In one preferred embodiment, this bottom dimension, designated by t, D34 M and 
"D35," will be approximately twenty (20) microns. The vertical thickness at L35 will 
likely be made as thin as possible, however, the important criterion is that it is sufficiently 
thick to be mechanically sound to hold the microneedle array 380 together as a single 
structure during actual usage. It is likely that, for most plastic materials that might be used 
in this molding procedure,, the dimension L35 will be in the range of ten (10) microns 
through two (2) mm, or greater. 

The angular relationship between the microneedles and the corresponding planar 
base surface is preferably perpendicular, although an exact right angle of 90 degrees is not 
required. This applies to all microneedle embodiments herein described, including 
microneedles 62, 64 and planar surfaces 30, 32, 34 of Figure 6, microneedles 182, 184 and 
planar surfaces 140, 142/ 144 of Figure 11, microneedles 282, 284 and planar surfaces 
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preferred to use a double side polish wafer and to grow an oxide layer on the entire outer 
surface. In Figure 18, a cross-section of this wafer appears as a substrate 410, a top oxide 
layer 412, and a bottom oxide layer 414, Any single crystal silicon wafer will suffice, 
although it is preferred to use a crystal structure 100-type wafer, for reasons that will be 
explained below. A 110-type wafer could be used, however, it would create different 
angles at certain etching steps. 

To create the structure depicted in Figure 19, certain process steps must first be 
performed, as described below. The first step is a pattern oxide step which is performed 
on the top side only to remove much of the top oxide layer 412. The pattern used will 
create multiple annular regions comprising two concentric circles each, of which the cross- 
section will appear as the rectangles 416 and 418 on Figure 19. In perspective, these 
annular-shaped features will have the appearance as illustrated on the perspective view of 
Figure 22 at the reference numerals 416 and 418. These annular oxide patterns are the 
initial stages of the array locations of the multiple microneedles that will be formed on this 
substrate 410. 

The next step is to deposit a layer of silicon nitride using a low pressure vapor 
deposition step, which will form a silicon nitride layer on both the top and bottom surfaces 
of the substrate 410. This appears as the uppermost layer 420 and the bottommost layer 
422 and 424. It will be understood that the bottommost layer 422 and 424 is one 
continuous layer at this step, although it is not illustrated as such on Figure 19, since a 
later step etches out a portion of the bottom side of the substrate between the layers 422 
and 424. 

Next in the process is a pattern bottom procedure in which a square: hole is 
patterned beneath the annulus 416, 418, which is not directly visible on Figure 19. The 
square holes placed by the pattern bottom procedure are now used in a KOH etching step 
that is applied to the bottom side only of the substrate 410. This KOH etching step creates 
a window along the bottom of the substrate as viewed along the surfaces 432, 430, and 
434 on Figure 19. This window interrupts the oxide layer 414 along the bottom of 
substrate 410, and divides it (on Figure 19) into two segments 413 and 415. This window 
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The next step in the fabrication procedure is to remove the silicon nitride layer on 
the top, which will remove the layer at 426 as seen on Figure 20. This will expose a 
circular region in the very center of the annulus such that pure silicon is now the outermost 
material on the top side of the wafer. After that has occurred, a deep reactive ion etch 
operation is performed to create a through-hole at the reference numeral 460 on Figure 21. 
After this step has been performed, there will be pure silicon exposed as the inner wall of 
the through-hole 460. Therefore, the next step is to oxidize the entire wafer, which will 
place a thin cylindrical shell of silicon dioxide around the inner diameter of through-hole 
460, and this oxidized layer is viewed on Figure 21 at 462 and 464. 

After these steps have been performed, a microneedle 465 is the result, having an 
outer diameter at "D41," and an inner diameter through-hole at "D42." It is preferred that 
the inner diameter D42 have a distance in the range of 5-10 microns. The height of the 
microneedle is given at the dimension "Ml," which has a preferred dimension in the range 
of 50-200 microns. On Figure 21, the substrate 410 has been divided into halves at 41 OA 
and 41 0B. In addition, the bottom oxide layer 450 has been divided in halves at 450A and 
450B. 

The bottom chamber formed by the sloped surfaces 452 and 454, in combination 
with the horizontal surfaces 45 OA and 450B, act as a small, recessed storage tank or 
chamber generally indicated by the reference numeral 470. This chamber 470 can be used 
to store a fluid, such as insulin, that is to be dispensed through the cylindrical opening 460 
in the hollow microneedle 465. At the scale of Figure 21, this chamber is not very large in 
overall physical volume, and it normally would be preferred to interconnect all of such 
chambers for each of the microneedles in the overall array so that a common fluid source 
could be used to dispense fluid to each of these chambers 470. Furthermore, there may be 
a need to dispense a physically much larger volume of fluid, and it also may be desirable to 
provide a pressure source, such as a pump. In such situations, it may be preferable to have 
an external storage tank that is in communication with each of the fluid chambers 470 on 
the wafer that is used to make up the array of microneedles, such as microneedle 465. 

Figure 22 depicts an array of microneedles on substrate 410, and also illustrates a 
magnified view of some of these microneedles 465. Each microneedle 465 exhibits a 
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Figure 23 depicts an electrophoretically enhanced body-fluid sensor that is based 
upon a hollow microneedle array, generally designated by the reference numeral 500. 
Sensor 500 includes a plurality of microneedles 530, which are each hollow, having a 
vertical opening throughout, as indicated at 532. A fluid chamber 510 is in communication 
with the hollow portions 532 of the array of microneedles 530. Of course, other fluid 
driving mechanisms could be used as well, such as passive diffusion (e.g., time release), 
instantaneous injection, pressure, vacuum, or ultrasound. 

Fluid chamber 510 is constructed of a bottom (in Figure 23) planar surface 5 12— 
which has openings that are aligned with the microneedles 530 — : a left vertical wall 514, 
and a right vertical wall 516. The top (or ceiling) of the fluid chamber 5 10 is made up of a 
planar material which is divided into individual electrodes. The middle electrode 525 is 
part of the fluid sensor, and makes it possible to measure a current or voltage within the 
fluid chamber 510. Electrodes 520 and 522 are electrically connected to one another (and 
can be of a single structure, such as an annular ring) so as to act as the electrophoretic 
electrodes (i.e., as either an anode or a cathode) that facilitate the transport of fluid 
through the hollow microneedles 530 from the skin into the fluid chamber 510. 

The height of the fluid chamber structure is designated as "L50," which could be 
any reasonable dimension that is large enough to hold a sufficient volume of fluid for a 
particular application. Of course, if desired, the fluid chamber 510 could be connected to a 
much larger external reservoir (not shown), and a pump could even be used if pressure or 
vacuum is desired for a particular application. 

The layer 540 represents the stratum corneum, the layer 542 represents the viable 
epidermis, and the largest layer 544 represents the dermis, which contains nerves and 
capillaries. 

The application of microneedles 530 into the stratum corneum 540 and epidermis 
542 decreases the electrical resistance of the stratum corneum by a factor of approximately 
fifty (50). The applied voltage, therefore, during electrophoresis (e.g., iontophoresis) or 
electroosmosis can be greatly reduced, thereby resulting in low power consumption aund 
improved safety. Iontophoresis provides the necessary means for molecules to travel 
through the thicker dermis into or from the body. The combination of the microneedles 
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and the electric field that is applied between the electrodes 520 and 522_.(acting as an 
anode, for example) and a remotely placed electrode (e.g., electrode assembly 505, viewed 
on Figure 25, and acting as a cathode, for example) provides for an increase in 
permeability for both the stratum corneum and the deeper layers of skin. 

While the transport improvement in stratum corneum is mostly due to microneedle 
piercing, the electrophoresis provides higher transport rates in the epidermis and dermis. 
This is not only true for small sized molecules, but also for the larger and more complex 
useful molecules. 

The body-fluid sampling sensor 500 can be used for a continuous non-invasive 
measurement of blood glucose level, for example. Glucose is extracted through the skin 
by reverse iontophoresis, and its concentration is then characterized by a 
bioelectrochemical sensor. The sensor comprises the chamber 510 that is filled with 
hydrogel and glucose oxidase, and the electrode 525. The glucose molecules are moved 
from the body by the flow of sodium and chloride ions caused by the applied electric 
potential. The detection of the glucose concentration in the hydrogel pad is performed <by 
the bioelectrochemical sensor. 

An alternative embodiment 550 is depicted in Figure 24, in which the microneedles 
. 580 are solid, rather than hollow. A fluid-filled chamber 560 is provided and also 
comprises hydrogel filled with glucose oxidase. The chamber 560 is made of a bottom 
wall 562 that has openings proximal to the individual microneedles 580, in which these 
openings are designated by the reference numeral 585. Chamber 560 also includes side 
walls 564 and 566, as well as electrodes 570, 572, and 575. 

The electrode 575 is constructed as part of the bioelectrochemical sensor. The 
electrodes 570 and 572 act as the electrophoretic electrodes, acting either as an anode or 
cathode to set up an electric current through the skin which flows to a remotely-attached 
(to the skin) electrode (e.g., electrode assembly 555, viewed on Figure 26). 

As in the sensor 500 of Figure 23, the transport rate of fluids is enhanced by not 
only the piercing effect of the microneedles 580, but also the electric field inducing a 
current through the skin. In the glucose sampling example, glucose is attracted into the 
chamber 560, and its concentration is measured by the bioelectrochemical sensor. 
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The height of the fluid chamber structure is designated as "L55," which could be 
any reasonable dimension that is large enough to hold a sufficient volume of fluid for a 
particular application. Of course, if desired, the fluid chamber 560 could be connected to a 
much larger external reservoir (not shown), and a pump could even be used if pressure or 
vacuum is desired for a particular application. 

Figure 25 depicts an electrophoretic electrode assembly that is based upon a 
. hollow microneedle array, generally designated by the reference numeral 505. Electrode 
assembly 505 includes a plurality of microneedles 531, each being hollow and having a 
vertical opening throughout, as indicated at 533 . A fluid chamber 5 1 1 is in communication 
with the hollow portions 533 of the array of microneedles 531. 

Fluid chamber 511 is constructed of a bottom planar surface 513— which has 
openings that are aligned with the microneedles 531 — a left vertical wall 515, and a right 
vertical wall 517. The topi (or ceiling) of fluid chamber 51 1 is made of a planar electrode 
material 526. The electrode 526 is to be electrically connected to a low-current voltage 
source (not shown on Figure 25), either through a substrate pathway (such as a integrated 
circuit trace or a printed circuit foil path) or a wire (also not shown on Figure 25). 

The height of the fluid chamber 511 is given by the dimension "L52," which can be 
of any practical size to hold a sufficient amount of hydrogel, for example, to aid in the 
conduction of current while acting as the electrode. In electrode assembly 505, the fluid 
within chamber 511 preferably would not be electrically charged. 

As can be seen in Figure 25, the hollow microneedles 531 penetrate the stratum 
corneum 540 and into the viable epidermis 542. The microneedles 531 preferably will not 
be sufficiently long to penetrate all the way to the dermis 544. 

An alternative embodiment 555 is depicted in Figure 26, in which the microneedles 
581 are solid, rather than hollow. A fluid chamber 561 is provided and preferably is filled 
with hydrogel (which is not electrically charged). Chamber 561 is made of a bottom wall 
563 that has openings proximal to the individual microneedles 581, in which these 
openings are designated by the reference numeral 586. Chamber 561 also includes side 
walls 565 and 567, as well as a top (or ceiling) electrode 576. The electrode 576 may act 
as a cathode, for example, in a situation where electrode assembly 555 is being used in 
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conjunction with a body-fluid sensor, such as sensor assembly 550 viewed.oii Figure 24, in 
which its electrodes 570 and 572 may act, for example, as an anode. The height "L57" of 
fluid chamber 561 could be any reasonable dimension that is large enough to hold a 
sufficient volume of the hydrogel to enhance the fluid flow via the electric field between 
the respective anode and cathode of the system. 

Figure 27 illustrates a portion of a human arm and hand 590, along with a drug 
delivery electrode assembly 500 and a second electrode assembly 505. Both electrodes are 
attached to the skin of the human user, via their microneedles, such as the hollow 
microneedles 530 (viewed on Figure 23) and the hollow microneedles 531 (viewed on 
Figure 25). 

Since an electrical voltage is applied between the two electrode assemblies 500 and 
505, it is preferred to use a low current power supply, generally designated by the 
reference numeral 596, that is connected to each of the electrodes via a wire 592 or a wire 
594, respectively. It will be understood that any type of physical electrical circuit could be 
used to provide the electrical conductors and power supply necessary to set up an 
appropriate electrical potential, without departing from the principles of the present 
invention. In fact, the electrode assemblies and wiring, along with an associated power 
supply, could all be contained on a single apparatus within a substrate, such as that viewed 
on Figures 30 and 3 1 herein, or by use of printed circuit boards. 

Figure 28 depicts an electrophoretically enhanced fluidic drug delivery apparatus 
that is based upon a hollow microneedle array, generally designated by the reference 
numeral 600. Drug-delivery apparatus 600 includes a plurality of microneedles 630, which 
are each hollow, having a vertical opening throughout, as indicated at 632. A fluid 
chamber 610 is in communication with the hollow portions 632 of the array of 
microneedles 630. 

Fluid chamber 610 is constructed of a bottom (in Figure 28) planar surface 612 — 
which has openings that are aligned with the microneedles 630 — a left vertical wall 614, 
and a right vertical wall 616. The top (or ceiling) of the fluid chamber 610 is made up of a 
planar material 620 that acts as an electrode. Electrode 620 is part of the drug delivery 
apparatus, and makes it possible to induce a current flow through fluid chamber 610. 
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Electrodes 620 and 622 are connected so as to act as the electrophoretic electrodes (i.e., 
as either an anode or a cathode) that facilitate the transport of fluid through the hollow 
microneedles 630 from the fluid chamber 610 into the skin. 

The height of the fluid chamber structure is designated as "L6.0," which could be 
any reasonable dimension that is large enough to hold a sufficient volume of fluid for a 
particular drug delivery application. Of course, if desired, the fluid chamber 5 10 could be 
connected to a much larger external reservoir (not shown), and a pump could even be used 
if pressure or vacuum is desired for a particular application. 

The layer 540 represents the stratum corneum, the layer 542 represents the viable 
epidermis, and the largest layer 544 represents the dermis, which contains nerves and 
capillaries. 

The application of microneedles 630 into the stratum corneum 540 and epidermis 
542 decreases the electrical resistance of the stratum corneum by a factor of approximately 
fifty (50). The applied voltage, therefore, during electrophoresis (e.g., iontophoresis) can 
be greatly reduced, thereby resulting in low power consumption and improved safety. 
Iontophoresis provides the necessary means for molecules to travel through the thicker 
dermis into or from the body. The combination of the microneedles and the electric field 
that is applied between the electrodes 620 and 622 (acting as anodes, for example), and 
another electrode (e.g., electrode assembly 505, acting as a cathode) that is attached 
elsewhere on the skin of the user, provides for an increase in permeability for both the 
stratum corneum and the deeper layers of skin. While the transport improvement in 
stratum corneum is mostly due to microneedle piercing, the electrophoresis provides 
higher transport rates in the epidermis and dermis. This is not only true for small sized 
molecules, but also for the larger and more complex useful molecules. 

The drug delivery apparatus 600 can be used for a continuous non-invasive medical 
device that can continuously deliver a fluidic drug through the skin and into the body.. For 
example, insulin could be delivered to the blood stream via the microneedles 53 1, through 
the stratum corneum 540 and epidermis 542, and also into the dermis 544 where the 
insulin wouid be absorbed into the capillaries (not shown). 
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An alternative embodiment 650 is depicted in Figure 29, in which- the- microneedles 
680 are solid, rather than hollow. A fluid-filled chamber 660 is provided and also contains 
hydrogel. Chamber 660 is made of a bottom wall 662 that has openings proximal to the 
individual microneedles 680, in which these openings are designated by the reference 
numeral 685. Chamber 660 also includes side walls 664 and 666, as well as electrodes 
670, 672, and 675. 

. The electrode 675 is constructed as part of the bioelectrochemical sensor. The 
electrodes 670 and 672 act as the electrophoretic electrodes, acting either as the anode or 
cathode to set up an electric current through the skin, in conjunction with another 
electrode assembly (such as electrode assembly 655, viewed on Figure 26) placed 
elsewhere on the user's skin. 

As in the drug delivery apparatus 600 of Figure 28, the transport rate of fluids is 
enhanced by not only the piercing effect of the microneedles 680, but also the electric field 
inducing a current through the skin. In the insulin dispensing example, insulin is repelled 
from the chamber 660, and therefore, flows out through openings 685 proximal to 
microneedles 680, then into the user's skin. 

The height of the fluid chamber structure is designated as "L65," which could be 
any reasonable dimension that is large enough to hold a sufficient volume of fluid for a 
particular application. Of course, if desired, the fluid chamber 660 could be connected to a 
much larger external reservoir (not shown), and a pump could even be used if pressure or 
vacuum is desired for a particular application. 

Figure 30 depicts a closed-loop drug-delivery system generally designated by the 
reference numeral 700. This closed-loop system 700 includes a pair of electrophoretic 
pads, generally designated by the reference numerals 500 and 505, which each include an 
array of microneedles for fluid sampling. Pad 500 comprises a sensor assembly (as 
described hereinabove with respect to Figure 23), and pad 505 comprises an electrode 
assembly (as described hereinabove with respect to Figure 25). 

Closed-loop system 700 also includes a pair of electrophoretic pads, generally 
designated by the reference numerals 600 and 605, that each include an array of 
microneedles for drug delivery. Pad 600 comprises a drug delivery apparatus (as 
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described hereinabove with respect to Figure 28), and pad 505 comprises an electrode 
assembly (as described hereinabove with respect to Figure 25). Of course, electrophoretic 
pads having solid microneedles could instead be used, such that pads 500 and 600 (with 
hollow microneedles) could be replaced by pads 550 and 650 (with solid microneedles), 
and pad 505 (with hollow microneedles) could be replaced by a pad 555 (with solid 
microneedles). 

Pads 500 and 600 are mounted to a substrate 710, which can be made of either a 
solid or a somewhat flexible material. Within substrate 710 preferably resides a reservoir 
712 (within the substrate 710) that holds the fluid which is to be dispensed through the 
microneedles of pads 600. Reservoir 712 could be made up of individual "small" 
chambers, such as a large number of chambers 610 that are connected to a source of 
fluidic drug. 

It will be understood that the reservoir 712 preferably is completely contained 
within substrate 710, and cannot be seen from this view of Figure 31. As an alternative, 
however, a fluid channel (such as a flexible tube at 730) could be connected into substrate 
710 and, by use of a pump (not shown), further quantities of the fluid could be provided 
and dispensed through the microneedles of pads 600, using fluidic pressure. 

Figure 3 1 illustrates the opposite side of the closed-loop system 700. A controller 
720 is mounted to the upper surface (in this view) of substrate 710. Controller 720 
preferably comprises a type of microchip that contains a central processing unit that can 
perform numeric calculations and logical operations. A microprocessor that executes 
software instructions in a sequential (or in a parallel) manner would be sufficient. A 
microcontroller integrated circuit would also suffice, or an ASIC that contains a 
microprocessor circuit. 

Adjacent to controller 720 is an electrophoretic power supply with a battery, the 
combination being generally designated by the reference numeral 722. In addition, a visual 
indicator can be placed on the surface of the substrate, as at 730. This visual indicator 
could give a direct reading of the quantity of interest, such as glucose concentration, or 
some other body-fluid parameter. The visual indicator preferably comprises a liquid 
crystal display that is capable of displaying alphanumeric characters, including numbers. 
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While a pumping system that creates fluid pressure could be usecLfbr dispensing a 
fluidic drug into a body through hollow microneedles, such as emplaced on pads 600, in 
many instances it is preferred to use an electrophoresis method to enhance the delivery of 
the drugs through the microneedles. As discussed hereinabove, application of 
. microneedles can decrease the electrical resistance of the stratum corneum by a factor of 
fifty (50), and so the voltage necessary to facilitate electrophoresis can be greatly reduced, 
improving safety and requiring much less power consumption. By use of the 
electrophoresis, the molecules making up the fluid drug will travel through the thicker 
dermis into or from the body, and the combination of both transport-enhancing methods 
provides an increase in permeability for both the stratum corneum and the deeper layers of 
the skin. The transport improvement in the stratum corneum is mostly due to microneedle 
piercing, although the electrophoresis provides higher transport rates in the epidermis and 
dermis. 

The closed-loop drug-delivery system and fluid-sampling system 700 can be used 
for continuous noninvasive measurement of blood glucose level by extracting, via reverse 
iontophoresis, glucose through the skin and measuring its concentration by the 
bioelectrochemical sensor (such as the sensor constructed of the hydrogel chamber 510 
and sensor electrode 525, along with the controller 720). The hydrogel pads containing 
microneedles (i.e., pads 500) enhance the reverse iontophoresis to move glucose molecules 
from the body by the flow of sodium and chloride ions, which are caused by the applied 
electric potential via electrodes 520 and 522. Once the glucose concentration is measured 
within the hydrogel pads 500, the proper amount of insulin, for example, can be dispensed 
through the other pair of pads 600 that make up part of the closed-loop system 700. 

As discussed hereinabove, drug delivery is performed by applying an electric 
potential between two microneedle array electrodes. One of the electrodes is filled with an 
ionized drug (such as insulin), and the charged drug molecules move into the body due to 
the electric potential. Controller 720 will determine how much of a drug is to be dispensed 
through the microneedle array 600 at any particular time, thereby making the closed-loop 
system 700 a "smart" drug-delivery system. 
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This smart drug-delivery system can be used as an artificial pancreas for diabetes 
patients, as a portable hormone-therapy device, as a portable system for continuous out- 
patient chemotherapy, as a site-specific analgesic patch, as a temporary and/or rate- 
controlled nicotine patch, or for many other types of drugs. Such systems could be made 
as a disposable design, or as a refillable design. 

It will be understood that the closed-loop system 700 can be used in many 
applications, including as a painless and convenient transdermal drug-delivery system for 
continuous and controlled outpatient therapies, a painless and convenient body-fluid 
sampling system for continuous and programmed outpatient body-fluid monitoring, as a 
high-rate transdermal drug delivery system, or as a high-accuracy transdermal body-fluid 
sampling system. More specifically, the closed-loop system 700 of the present invention 
can be used as a portable high-accuracy painless sensor for outpatient blood glucose-level 
monitoring, as a portable system for continuous or rate controlled outpatient 
chemotherapy, as a temporary and rate controlled nicotine patch, as a site-specific 
controlled analgesic patch, as an externally attached artificial pancreas, as externally 
attached artificial endocrine glands, as temperature-controlled fever-reducing patches, as 
heart rate-controlled nitroglycerin high-rate transdermal patches, as temporarily controlled 
hormonal high-rate transdermal patches, as erectile dysfunction treatment high-rate 
transdermal patches, and as a continuous accurate blood-analysis system. Another use of 
the closed-loop system 700 of the present invention is to form a portable drug delivery 
system for outpatient delivery of the following drugs and therapeutic agents, for example: 
central nervous system therapy agents, psychic energizing drugs, tranquilizers, 
anticonvulsants, muscle relaxants and anti-parkinson agents, smoking cessation agents, 
analgetics, antipyretics and anti-inflammatory agents, antispasmodics and antiulcer agents, 
antimicrobials, antimalarias, sympathomimetric patches, antiparasitic agents, neoplastic 
agents, nutritional agents, and vitamins. 

It will be understood that various materials other than those disclosed hereinabove 
can be used for constructing the closed-loop system 700, and for constructing individual 
body-fluid sampling sensors and individual drug-delivery systems. Such other materials 
could include diamond, bio-compatible metals, ceramics, polymers, and polymer 
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composites, including PYREX®. It will yet be further understood that the 
electrophoretically/microneedle-enhanced transdermal method of transport of the present 
invention can also be combined with ultrasound and electroporation, in order to achieve 
high-rate drug delivery into individual cells. 

It will also be understood that the length of the individual microneedles is by far the 
most important dimension with regard to providing a painless and bloodless drug- 
dispensing system, or a painless and bloodless body-fluids sampling system using the 
opposite direction of fluid flow. While the dimensions discussed hereinabove are 
preferred, and the ranges discussed are normal for human skin, it will further be 
understood that the microneedle arrays of the present invention can be used on skin of any 
other form of living (or even dead) creatures or organisms, and the preferred dimensions 
may be quite different as compared to those same dimensions for use with human skin, all 
without departing from the principles of the present invention. 

It yet will be understood that the chemicals and materials used in the molds and 
dies can be quite different than those discussed hereinabove, without departing from the 
principles of the present invention. Further, it will be understood that the chemicals used 
in etching and layering operations of microfabrication discussed above could be quite 
different than those discussed hereinabove, without departing from the principles of the 
present invention. 

Figure 32 illustrates another alternative embodiment of a hollow microneedle, 
generally designated by the reference numeral 800. The main body of the microneedle 800 
has a generally cylindrical shape, as indicated by its outer surface at 802. A generally 
circular opening creates a hole at 806 through which fluids can pass. The cylindrical shape 
is preferably maintained throughout the length of microneedle 800, so that its bottom 
profile would also maintain a generally circular shape, as depicted at 810. Of course, 
minor variances in this shape could be utilized without departing from the principles of the 
present invention, such as an elliptical shape for its cross-section (rather than a circular 
shape), for example. 

The general cylindrical shape is preferably maintained also at the top portion, as 
seen by the outer wall at 808. The top surface at -804 will have the form of a pair of 
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concentric circles, in situations where the opening 806 is circular. The bottom portion at 
810 of microneedle 800 is abutted to a base element having a generally planar surface at 
805. In a preferred mode of construction, microneedle 800 and the surface 805 would be 
of a unitary construction, i.e., it would be formed from a single piece of material. This 
single piece of material would preferably be a molded plastic or like material, or a cast 
metal or like material. Of course, composite materials could also be utilized. 

One primary advantage of the shape of microneedle 800 is that it has a pair of 
sharp edged projections at 820 and 830 that aid the penetration of the outer surface (i.e., 
stratum corneum) of the skin, thereby requiring less force to be applied when using an 
array of such microneedles 800. Each edged projection or blade 820, 830 has a cross- 
sectional shape that is generally triangular when viewed from the top of microneedle 800 
(see Figure 33). The exact shape of the triangle will depend upon the strength 
requirements of each of the blades 820, 830, the material used to construct microneedle 
800, and the amount of skin damage that is allowable in a particular usage application. 
The preferred cross-sectional shape is that of an isosceles triangle having a base angle in 
the range between 1 and 45°. Of course, a rounded contour could be used instead of 
straight walls for the blade surfaces, without departing from the principles of the present 
invention. 

The illustrated blade 820 has an upper generally triangular surface at 822, and one 
of its side walls is represented by the planar surface at 824, as seen on Figure 32. A similar 
planar wall is on the opposite side at 836 (see Figure 33), and the junction of these two 
planar walls 824, 826 forms a generally sharp edge, as depicted at the reference numeral 
828. 

The second protrusion or blade 830 is similarly formed of two generally planar side 
walls at 834 and 836 (see Figure 33), which also join at a generally sharp edge at 838. The 
upper surface of the blade 830 is depicted at 832 as having a generally triangular shape, in 
the illustrated embodiment. 

It will be understood that either less or more than two sharpened blade projections 
could be utilized in the microneedle 800 of Figure 32 without departing from the principles 
of the present invention, although the two blades 820 and 830 are an optimal design. 

45 . • ■ 



JSDOCID: <WO 0191848A2LL> 



WO 01/91846 



PCT/US01/17188 



As illustrated on Figure 33, the inner diameter of the opening 806 is-depicted at the 
reference numeral 842, and the outer diameter of the microneedle 800 is depicted at the 
reference . numeral 840. The size of the outer diameter of microneedle 800 is very 
important as to its penetrating capabilities into the skin, whereas the inner diameter 842 is 
of lesser importance in that regard. However, the inner diameter 842 must be large 
enough to easily pass the desired molecules of the fluid to be passed therethrough. 

Figure 34 illustrates a similar hollow microneedle, generally designated by the 
reference numeral 850. This alternative embodiment microneedle 850 also includes two 
longitudinal blade structures at 870 and 880, and also is of a generally cylindrical shape 
throughout most of its length from its base elements bottom surface at 855 to its top 
surface at 854. The opening at 856 is also generally circular in situations where the 
microneedle 850 is of cylindrical shape. Of course, the overall outer shape of the 
microneedle 850 and the inner shape of the opening 856 could be somewhat non-circular 
(such as an ellipse) without departing from the principles of the present invention. 

In Figure 34, microneedle 850 could be constructed of a molded plastic or a cast 
metal material, but in this particular representation the microneedle 850 is constructed 
using semiconductor fabrication techniques. The first blade 870 has a generally planar side 
wall at 874, and in conjunction with a similar side wall not shown on Figure 34, forms a 
generally sharp edge at 878, The cross-section profile of this blade structure 870 is seen at 
872, as having a generally isosceles triangular shape, although more rounded side walls 
could be utilized without departing from the principles of the present invention. On Figure 
34, this sharp edge 878 does not continue all the way to the bottom surface 855 of the 
microneedle base structure, but instead continues down to a point where the blade 
structure discontinues, as illustrated at 862. This could be utilized to create a greater yield 
of microneedle structures using semiconductor fabrication techniques, or could be utilized 
to create a structure having greater mechanical strength near the bottom areas (e.g., at the 
side wall area 864) of the microneedle 850. When using this type of shape for the 
structure of microneedle 850, the outer diameter of the microneedle has the form shown at 
860 as it joins the planar bottom surface 855. This shape at 860 could be generally semi- 
circular, but also could be of a larger diameter to provide greater mechanical strength than 
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the outer diameter near the top surface 854 of microneedle 850. 

The second blade 880 has a similar top profile at 882, and a similar sharp edge at 
888. The side wall structure near the bottom of the second blade 880 is not viewable in 
Figure 34, but can be inferred from the shape of the bottom sidewall at 864. 

Other variations in shape of the microneedle structures depicted in Figures 32 and 
34 could be utilized without departing from the principles of the present invention. The 
primary goals are to create mechanically sound structures that can penetrate the stratum 
corneum of human skin (or other type of animal or even plant skin), and the sharp 
longitudinal blade structures are a great improvement over such hollow microneedles that 
do not have these side blades, enhancing penetration of drugs through the skin. It will be 
understood that the microneedle structures depicted in Figures 32 and 34 could be 
constructed of any materials and by any type of fabrication techniques, without departing 
from the principles of the present invention. 

Another variation in the hollow microneedles depicted on Figures 32 and 34 would 
be to have a top surface that is not generally flat, but instead has a arcuate or parabolic top 
surface as seen from one of the sides of the microneedle structure. This type of structure 
could either be machined, or could be generated during de-molding, as illustrated in 
Figures 57A and 57B, discussed hereinbelow. 

An alternative solid microneedle shape is depicted in Figures 35 and 36, in which 
the solid microneedle is generally star-shaped in profile. As viewed from its top surface 
(see Figure 36), the solid microneedle 900 is a generally three-pointed star shape, having 
three longitudinal blades at 910, 920, and 930. The top surface of each of these star- 
shaped blades is depicted at 914, 924, and 934, and as can be seen from Figures 35 and 36, 
a major portion of these top surfaces is generally triangular in shape. The preferred shape 
is that of an isosceles triangle, in which the base angle of this triangle is in the range of 1- 
45°. Of course, the smaller this base angle, the smaller the amount of skin damage done 
when the microneedle 900 is inserted into the stratum corneum. 

Each blade 910, 920, and 930 has a pair of generally planar side walls at 912, 913, 
922, 923, 932, and 933 (although these side walls could be somewhat curved in contour, 
if desired). These side walls converge to form a generally sharp point at 918, 928, and 
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938, respectively. In the illustrated embodiment of Figure 35, microneedle-900 continues 
this star-shaped profile from its top surfaces at 914, 924, and 934 down to its bottom 
edges at 916, 926, and 936, where the microneedle structure joins its top planar base 
structure at 905. Of course, the very upper surfaces are most key as far as making a 
penetration into the skin through the stratum corneum, and the precise shape of the blades 
910, 920, and 930 may somewhat vary along the longitudinal length of microneedle 900 
without departing from the principles of the present invention. The major benefit of this 
shape is its small cross-sectional area allowing easy insertion into the skin, yet a large 
surface area providing high rates of active penetration through the skin. 

Since microneedle 900 is solid, for liquid to be dispensed into the* skin or to be 
sampled from the skin, a set of openings is provided in the base element or substrate at 
908. It is preferred that a single opening be located along each pair of projections or 
blades, as illustrated on Figure 36, in which an opening 940, 942, and 944 is provided 
between the blades 910-920, 920-930, and 930-910, respectively. Of course, different 
sized holes and different hole locations, as well as different numbers of holes for that 
matter, could be utilized with the solid microneedle 900, without departing from the 
principles of the present invention. 

Microneedle 900 could be constructed of virtually any material that is 
biocompatible with human skin (or other animal or plant skin). This includes molded 
plastic or cast metal, or perhaps a silicon or silicon-dioxide structure that is manufactured 
using semiconductor and plastic fabrication techniques. The top surface at 914, 924, and 
934 is illustrated as being generally planar, although this could be changed easily enough to 
cause the mid-portions of the microneedle 900 to be somewhat lower than the points of 
the three blades at their top edges 918, 928, and 938. Such a construction would have a 
similar side appearance to the hollow microneedle 1420 depicted on Figure 57B. 

It will be understood that more or less than three blades could be constructed to 
create a solid microneedle such as that of microneedle 900, without departing from the 
principles of the present invention. Even a single blade design could be used, having either 
one or two sharp edges. While the three-bladed solid microneedle 900 is of an optimal 
design, certainly a four-bladed design could also be manufactured and used, and provide 
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generally good results. In a four-bladed design, it would be preferred that each pair of 
blades have a corresponding through-hole in the substrate beneath the bottom portion of 
the solid microneedle, although such holes are not necessarily required between each pair 
of blades. The size of each of the through-holes such as holes 940, 942, and 944 is up to 
the designer, although its inner diameter should be sufficiently large to allow useful 
molecules to pass therethrough. 

Another very important attribute of arrays of microneedles is the separation 
distance between each of the microneedles with regard to their placement on the substrate 
or base structure. On one hand, the more microneedles per given area of a substrate, the 
greater the amount of "transdermal flux" (or transdermal flow) of a fluid that will be 
transported through the microneedles (i.e., in the case of hollow microneedles). On the 
other hand, it has been determined that the closer the spacing of microneedles, the less 
likely that the microneedles will actually penetrate the stratum corneum layer of skin due 
to the elasticity characteristics and mechanical strength of skin. Therefore, a dichotomy 
exists that indicates the separation between microneedles is critical for a useful device. 

Figures 37-42 provide tabular data illustrating the effects of microneedle length, 
microneedle outer diameter, and microneedle separation for circular hollow microneedles, 
such as those depicted in Figure 15, Figure 22, and Figures 25 and 28. As related 
hereinabove, the microneedles illustrated in these figures are hollow, having internal 
cylindrical openings, but are not edged or sharpened with respect to having any type of 
blade structure along their outer surfaces or tips. Furthermore, the tabular data of Figures 
37-42 are with respect to microneedles that are arranged in a hexagonal configuration. All 
dimensions on these Figures 37-42 are in microns (i.e., micrometers). Each chart shows 
ten rows that represent various microneedle lengths in the range of 30-300 microns, and 
ten columns showing microneedle outer diameters in the range of 10-100 microns. Each 
chart is for a different separation distance, starting with 50 microns, and then incrementing 
by 50 microns to the final chart of Figure 42 that shows a separation of 300 microns. 

The table entries of "Y" represent a situation where the microneedle penetrates the 
skin. A table entry of V represents a configuration where the microneedle will not 
penetrate skin. Finally, the "diamond" shape represents a table entry in which the 
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microneedle will possibly penetrate the skin, however, it is not certain thatpenetration will 
occur. 

Each table contains a dashed line (such as line 1002 on Figure 37) that roughly 
indicates that table entries below the line will likely penetrate the skin, whereas table 
entries above the line will likely not penetrate the skin. These lines represent 
approximations to a certain extent, and a tolerance of at least plus or minus 10% should be 
considered when utilizing this data. In some circumstances, the tolerance should be more 
like plus or minus 20%. 

On the various charts, the lines are indicated at 1002 for Figure 37, 1004 for Figure 
38, 1006 for Figure 39, 1008 for Figure 40, 1010 for Figure 41, and 1012' for Figure 42. 
Each of these lines can be approximately defined by an equation, in which the variables are 
microneedle length represented by "L," and the outer diameter represented by the variable 
"D." For these equations, all dimensions are in microns. In Figure 37, the equation is: L 
= 9D + 120; for Figure 38, the equation is: L = 5D + 50; for Figure 39, the equation is: L 
= 2.77D + 72.3; for Figure 40, the equation is: L = 1.54D + 59.2; for Figure 41, the 
equation is: L = 0.856D + 124; and for Figure 42, the equation is: L = 0.47D + 133. 

Figures 43-48 provide further tabular data, this time for edged or "sharp" hollow 
microneedles, such as those depicted in Figures 32-34. These edged microneedles are also 
circular or cylindrical in overall shape, but, as described above, include two longitudinal 
blades with a relatively sharp edge to aid in penetrating the stratum corneum of the skin. 
As will be seen as compared to the tables of Figures 37-42, penetrating skin is more easily 
accomplished using the edged microneedles. As noted hereinabove, an "edged" 
microneedle is one in which its tip has a radius less than or equal to 0.5 microns. 

As before, a table entry of " Y" indicates that a penetration occurs, a table entry of 
"n" indicates that a penetration does not occur, and a table entry of a diamond-shaped 
symbol indicates that a penetration of the skin may occur, but is not definite. A dashed 
line is drawn on Figures 43-48 to indicate the likelihood that entries above the dashed line 
will not succeed in penetrating the skin, while entries below the line will be successful in 
such penetration. The lines are indicated by the reference numerals 1022 for Figure 43, 
1024 for Figure 44, 1026 for Figure 45, 1028 for Figure 46, 1030 for Figure 47, and 1032 
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for Figure 48. 

Similar equations for these lines can be determined from this data, where again the 
variable L is equal to the microneedle length and the variable D is equal to the outer 
diameter of the microneedle. In Figure 43, the approximate equation is: L = 9D + 30; in 
Figure 44, the equation is: L = 5D; in Figure 45, the equation is: L = 2.77D + 11.5; in 
Figure 46, the equation is: L = 1.54D + 56; in Figure 47, the equation is: L = 0.856D + 
64.4; and in Figure 48, the equation is: L = 0.47D + 96.5. 

It can be easily seen from the tabulated data of Figures 37-48 that the greater the 
separation between microneedles, the more likely that the skin will be penetrated at any 
given length of microneedle. If relatively small microneedles having an outer diameter of 
twenty microns are desired for use in a microneedle array, then the tabular data indicates 
that the microneedle should be at least 100 microns in length, and either 250 or 300 
microns separation distance (see Figures 41 and 42). On the other hand, the same 20 
micron outer diameter microneedles that include edges (as per Figure 32). will likely 
penetrate the skin at a needle length of at least 60 microns and a separation of 150 or 200 
microns. This is an obvious improvement in microneedle density per unit area of the 
substrate upon which the microneedle array is mounted, thereby allowing a dramatic 
increase in the amount of material delivered or extracted through the skin. 

Microneedle density is an important factor in dispensing fluids or sampling fluids 
through the stratum corneum of the skin. This is clearly indicated in the graph of Figure 
49, in which the X-axis represents microneedle separation in microns, and the Y-axis 
represents the transdermal flux of an active fluid such as a niacinamide solution, in units of 
micrograms per square centimeter per 24 hours of time. 

The base or reference line of Figure 49 is represented by the "intact skin" line 1044, 
which is in essence the transdermal flux rate of normal skin without any microneedles, in 
the above units of five (5) micrograms per square centimeter per 24 hours time. This base 
line 1044 is also indicated as being "IX" times a nominal transdermal flux rate. If the 
stratum corneum layer of human skin is removed, then the transdermal flux rate is 
increased by a factor of twenty-four (24), and is represented by the line 1042, which 
indicates approximately one hundred twenty (120) micrograms per square centimeter per 
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24 hours of transdermal flux flow rate. This line is also referred to as "24X!!_cm Figure 49. 

If microneedles are used, the flow rate is variable, as per the curve (or more 
accurately, the segmented line) at 1040, which at 100 microns of separation provides a 46 
times (or 46X) flow rate as compared to the intact skin flow rate of IX. This flow rate 
naturally decreases as the microneedle separation increases, since the density of 
microneedles is proportionate to the square root of separation distance. For example, at a 
microneedle separation of 400 microns, the transdermal flux rate is only 5 times (5X) the 
flow rate of intact skin (at IX). 

Figure 49 assumes that the microneedle lengths are sufficiently long and have a 
sufficient shape to penetrate the skin at the separations listed along the X-axis. Otherwise, 
the transdermal flux rates will be significantly reduced. However, any microneedle usage 
that does not actually penetrate the stratum corneum will likely create a certain amount of 
indents and breaks in the skin, which will provide a certain increase in the transdermal flux 
rate. For example, if the microneedle array is provided having microneedles of 40 microns 
in outer diameter and 50 microns in length, it is not likely that microneedle penetration will 
occur in very many places at virtually any separation. However, there will still be enough 
indents and breaks in the skin to provide a four times (i.e., 4X) increase in the transdermal 
flux of a drug or solution such as niacinamide in water. To achieve the results of Figure 
49, the microneedle length was 100 microns and its outer diameter was 20 microns. It can 
be seen from Figure 49 that a microneedle separation of around 170-175 microns will 
provide results that are equal to the removal of the stratum corneum layer of skin. 

Utilizing a passive diffusion model of human skin and microneedle structures, the 
inventors also provide the chart of Figure 50. The X-axis of Figure 50 represents the 
microneedle length in microns, while the Y-axis represents the transdermal flux of an 
active solution, in micrograms per square centimeter per 24 hours time period. The curves 
on the graph are depicted with respect to a 5% niacinamide solution in water. 

The lower curve at 1052 represents a microneedle array in which the needles have 
a 200 micron separation in a hexagonal pattern. The upper curve at 1050 represents a 
microneedle array in which the microneedles have a 100 micron separation in a hexagonal 
pattern. Very useful transdermal flux rates can be provided with microneedle arrays 
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having a separation of 200 microns at a needle length of 100-1 10 microns, and an outer 
diameter of 20 microns. It can be seen from Figure 46 that this range of microneedle 
lengths and outer diameters lies within a small tolerance of the line 1028 that indicates 
whether or not microneedle penetration will occur in skin. This table of data on Figure 46 
represents edged hollow microneedles, as described above. 

Figure 51 provides another measure of usage for microneedles. The X-axis 
represents microneedle length in microns, while the Y-axis is a ratio of transdermal flux 
using a solution of niacinamide in water versus skin damage when using the microneedle 
array. A nominal figure of transdermal flux versus skin damage is provided at the value of 
one (1) along the Y-axis. The upper curve at 1060 depicts the ratio when microneedles 
have a 200 micron separation. The lower curve 1062 shows a similar microneedle array 
having only a 100 micron separation. While the transdermal flux will typically be much 
greater when the microneedle separation is smaller, also the skin damage will be greater. 
As can be seen from the curves 1060 and 1062, once the microneedle length exceeds 100 
microns, the transdermal flux versus skin damage ratio tends to increase rather sharpiy. 
The microneedle outer diameter was 20 microns for the data of Figure 51. 

Figure 52 is another graph representing information regarding passive diffusion of 
fluids using microneedles as compared to the use of microneedles under pressure to 
increase the transdermal flow. The X-axis is in units of pressure, g's per square centimeter. 
The Y-axis is the transdermal flux of an active solution in micrograms per square 
centimeter per 24 hours time period, and the values of this chart are for a 5% solution of 
niacinamide. In addition, the results of this chart were produced using microneedles of 
100 microns length, 20 microns outer diameter, and a separation of 200 microns. 

For intact skin, the lowest horizontal line at 1076 indicates a relatively low 
transdermal flux of the solution to the skin. If the stratum corneum of the skin is removed, 
this transdermal flux greatly increases to the higher horizontal line at 1072. Another 
horizontal line at 1074 indicates the transdermal flux rate using microneedles under passive 
diffusion. 

If pressure is applied, then the flow rate changes as the pressure changes. This is 
indicated by the sloped line 1070. As can be seen, if the pressure is increased by three 
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orders of magnitude, then the flow rate of the transdermal flux also, increases by 
approximately three orders of magnitude. 

Based upon the above information, it is preferred that the outer diameter of 
circular microneedles (without "sharp" edges) be in the range of 20-100 microns, more 
preferably about 20-50 microns. In addition, it is preferred that the height (or length) of 
the microneedles for use with interstitial fluids be in the range of 50-200 microns, more 
preferably about 100-150 microns; for use with other biological fluids, the preferred length 
is in the range of 200 microns - 3 mm, and more preferably in the range of 200-400 
microns. Finally, it is preferred that the separation between microneedles in the array be in 
the range of 100-300 microns, more preferably about 100-200 microns. Of course, 
dimensions outside the above-listed ranges will still be somewhat useful, even for 
microneedle lengths and separation distances as small as 50 microns, or as large as 1000 
microns. 

For hollow circular microneedles having edges (e.g., see microneedle 800 in Figure 
32), it is preferred that the outer diameter be in the range of 20-100 microns, and more 
preferably in the range of 20-50 microns. For use with interstitial fluids the length will 
preferably be in the range of 50-200 microns, more preferably in the range of 80-150 
microns; for use with other biological fluids, the length will preferably be in the range of 
200 microns — 3 mm, and more preferably in the range of 200-400 microns. Finally, the 
separation will preferably be in the range of 100-300 microns, more preferably in the range 
of 100-200 microns. 

For solid microneedles of the star-shaped design depicted on Figures 35 and 36, it 
is preferred that the radius of one of the spokes or edged blades (e.g., blade 910), as 
indicated by the radius 950 on Figure 36, be preferably in the range of 10-50 microns, and 
more preferably in the range of 10-15 microns. The length of the solid microneedles will 
preferably fall in the range of 50-200 microns for use with interstitial fluids, and more 
preferably in the range of 80-150 microns; for use with other biological fluids, the length 
will preferably be in the range of 200 microns - 3 mm, and more preferably in the range of 
200-400 microns. The separation distance will preferably fall in the range of 100-300 
microns, and more preferably in the range of 100-200 microns. 
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Figures 53A-53E illustrate the steps for preparing a mold to make hollow 
microneedles, according to the principles of the present invention. The first step is 
depicted in Figure 53 A, in which a substrate 1 100 is provided with a top layer of positive 
photoresist material at 1102. The substrate can be spin coated, or an adhesive can be used 
to attach the photoresist 1102 to the substrate 1100. The .substrate can consist of silicon, 
silicon-dioxide, plastic, metal, or other suitable compounds. The photoresist material will 
preferably comprise poly(methylmethacrylate), also known as "PMMA," although other 
suitable compounds could be used, such as polyoxymethylene (POM), polyalkensulfone 
(PAS), polymethacrvlimide (PMT), and poly(lactide-co-glycolide) (PLG). 

In Figure 53B, a mask at 1104 is placed over the photoresist layer 1102, and 
electromagnetic energy is directed through the mask from a light source, in which the light 
energy moves in the direction as indicated at 1106 on Figure 53B. The mask 1004 
preferably is made of gold metal, and in this instance, the electromagnetic energy 
comprises x-rays. It will be .understood that many different types of photoresist 
procedures or the like could be used without departing from the principles of the present 
invention, and for example, high energy nuclear particles might be substituted for 
electromagnetic energy in some processes. 

Figure 53C represents an expose and develop step, in which a chemical compound 
is used to etch away the portions of the PMMA material that were not protected by the 
mask 1104 in the prior step at Figure 53B. On Figure 53 C, the three-dimensional 
microneedle shapes begins to become apparent. A pair of hollow microneedle forms are 
illustrated in Figure 53C at 1110 and 1120. In cross-section, the microneedle form 1110 
shows a first wall at 1112, a second wall at 1114, and a hollow area or hole at 1116. 
Similarly, the microneedle form 1 120 comprises a first wall at 1 122, a second wall at 1 124, 
and hollow area or hole at 1 126. 

Both microneedle forms 1110 and 1 120 will be of the appropriate length and outer 
diameter to produce microneedle arrays as recommended hereinabove. The separation 
between microneedles is depicted by the dimension 1 105, and this also will preferably be of 
a distance as recommended hereinabove. 

Figure 53D is a step where the microneedle forms are electroplated with metal. In 
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the preferred embodiment, this metal at 1130 will comprise nickel. -~As an optional 
intermediate step, the substrate 1100 and microneedle forms at 1112, 1114, 1122, and 
1 124 (which in combination comprise two circular or cylindrical microneedle forms) can 
be chemically coated to aid in later release before the electroplating takes place. 

After the nickel electroplating has achieved the appropriate thickness, the step of 
detaching this metal form takes place in the step illustrated on Figure 53E. A "reverse 
contour" mold will now exist, as generally depicted by the reference numeral 1130. 
Instead of a hollow area or hole, a cylindrical projection now appears at 1 132 and 1 134 in 
the metal mold. Similarly, instead of cylindrical or nearly cylindrical projections at 1112, 
1 1 14, and 1 122, 1 124 (as seen on Figures 53C and 53D), there are now hollow cylindrical 
shapes formed at 1140-1142, and 1144-1146, which represent the areas where the 
microneedle cylindrical walls will form. 

Figures 54A-54C depict the steps of microembossing to form molded microneedles 
that are hollow, as constructed according to the principles of the present invention. The 
metal microneedle mold at 1130 is attached to a moveable press ram 1152, to form a 
structure that will be impressed against a polymer or other plastic material. This moveable 
structure is indicated by the reference numeral 1 150. The polymer or other type of plastic 
material at 1 160 is placed on the surface of a heated plate 1 154. The microneedle material 
preferably will comprise a biocompatible polymer material, although other materials could 
be used including polycarbon, or even PMMA. 

The heated plate 1154 provides sufficient thermal energy to raise the temperature 
of the biocompatible polymer material at 1160 until it becomes readily deformable. In 
other words, the polymer material is placed into its "plastic" stage by raising its 
temperature substantially to its elastic working temperature. The moveable press assembly 
1150 is now pressed down toward the heated plate 1154 and against the biocompatible 
polymer material 1 160. It is preferred to accomplish this task within a vacuum to preserve 
the biocompatibility and sterilization characteristics of the future microneedles. 

A cool-down stage is next, as depicted by the final result in Figure 54B. The 
heated plate 1 154 now becomes a cooling plate, and the biocompatible polymer material is 
cooled to the point where it becomes solid and will not readily deform. The moveable 
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press ram assembly 1 150 is now raised, thereby leaving behind a microneedle array having 
a substrate at 1162. In the illustrated embodiment of Figure 54B, there are two hollow 
microneedles at 1170 and 1180, not yet having through-holes in the substrate 1162. The 
microneedle at 1170 is depicted in cross-section as having a first wall 1172 and a second 
wall 1 174, which are generally cylindrical in shape. These walls surround a hollow area or 
hole at 1 176. Similarly, microneedle 1 180 shows a cross-section of a pair of walls at 1 182 
and 1 184, containing a cylindrical hollow area at 1 186. 

After the cool-down stage, the microneedle array is removed from the plate 1 154, 
thereby leaving behind the structure as illustrated at Figure 54C. The microneedle 
separation is indicated at the dimension 1165. This dimension is equal to the dimension 
1 105 depicted on Figure 53C. 

It will be understood that other types of plastic forming processes can be used than 
embossing. In fact, virtually all types of molding or micromolding processes can be 
utilized. Embossing is one subset of these types of moldings, and injection molding is a 
second subset, which was described hereinabove for other microneedle shapes. 

The above structure depicted in Figure 54C could be used as the "final 11 product for 
certain uses with skin. This structure consists of substrate 1162 and two hollow 
microneedles 1170 and 1180, in which the hollow cavities 1176 and 1186 each form a 
small cup-like volume that does not protrude completely through the substrate 1 162. This 
structure could be used for drug delivery by filling the cup-like hollow cavities 1 176 and 
1 186 with a drug active that can slowly leach out into biological systems. 

Figures 54D-54F illustrate various methods of forming chambers beneath the 
microneedle array, and forming through-holes. In Figure 54D, a hollow chamber at 1 190 
is formed on the opposite side of the substrate, thereby forming a microneedle array 
structure 1192 that contains hollow microneedles 1170 and 1180, and a chamber that can 
hold some type of fluid. This chamber can be formed by micromachining, or perhaps by an 
oxygen plasma etching process. Other methodologies could be used without departing 
from the principles of the present invention. 

In Figure 54E, a laser light source is used to finish the "drilling" process to make 
through-holes that are concentric or otherwise centered along the hollow microneedles 
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1170 and 1180. On Figure 54E, a laser light source is used to burn away some of the 
substrate material along the lines at 1194 and 1196. The final result is shown at Figure 
54F, in which a final microneedle array 1 1 98 is illustrated showing through-holes from the 
chamber 1 190 to the top of the microneedles, in which the microneedle openings 1 176 and 
1 1 86 are aligned with the laser light burned holes at 1 1 95 and 1 1 91, respectively. 

Figures 55A-55F illustrate an alternative methodology for constructing hollow 
plastic microneedles. Starting with a laminate material at 1200 and a biocompatible 
polymer at 1202, these materials are joined along a planar surface at the line 1204 on 
Figure 5 5 A. This joining can be performed by an adhesive process, or other temporary 
mechanical means. 

A mold 1210 is now provided, which preferably will be made of a metallic or other 
suitable material. In Figure 55B, the biocompatible polymers are placed on a heated plate 
1212, and the mold 1210 is placed upon a moveable press ram. After the mold has been 
pressed into the biocompatible polymers, the ram press is removed and the material is 
cooled, thereby arriving at a structure illustrated in Figure 55C in which holes 1224, 1226, 
and 1228 are formed all the way through the upper layer, now designated as 1220. These 
holes also continue part-way into the lower layer at 1222. 

The laminate materials that were earlier glued together are now detached from one 
another. This now provides a film structure 1220 that has the through-holes 1224, 1226, 
and 1228, and is illustrated in Figure 55D. This film layer 1220 is now placed upon a 
heated plate 1230. A mold structure 1280 is now provided and will be pressed against film 
layer 1220 after the film layer 1220 has been heated to its plastic stage. On Figure 55E, 
the cylindrical projections 1282, 1284, and 1286 are used to create the through-holes for 
three hollow microneedles. 

In an alternative configuration, the cylindrical projections 1282, 1284, and 1286 
can be somewhat shortened so that they rest against the planar top surface of the heated 
plate 1230, i.e., along the horizontal (on Figure 55E) line 1235. The heated plate 1230, in 
this alternative configuration, would be substantially flat along its top surface at 1235, such 
that the openings 1232, 1234, and 1236 would be filled. 

After the pressing process has occurred and the material 1220 is cooled (by plate 
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1230) to the point where it becomes solidified, the mold 1280 is removed and a new 
structure at 1240 is formed and removed from the piate 1230. This is illustrated in Figure 
55F. This new structure 1240 represents a microneedle array having three hollow 
cylindrical microneedles at 1242, 1252, and 1262. These microneedles have hollow 
through-holes as illustrated at 1244, 1254, and 1264, respectively. 

Another use for the microneedles of the present invention is to include a sensing 
capability by some type of optical means with a plastic microneedle array structure that is 
constructed of a substantially transparent material. This could be used with both hollow 
and solid microneedles, although it is preferred that solid microneedles be used to prevent 
contamination of the light source mechanism that is being utilized for this sensing 
capability. In Figure 56, a microneedle array structure 1300 is depicted as having a 
substrate 1302, and three microneedles at 1310, 1320, and 1330. The upper areas of these 
microneedles near their tips are coated with a chemical material that aids in detecting a 
chemical or other biological process. This chemical coating is indicated on the three 
microneedles at 1312, 1322, and 1332. 

Once the microneedle array 1300 has been placed into the skin, a light source is 
used to provide electromagnetic energy in the direction indicated by the arrows 1350. It is 
preferred that the light source be some type of laser source, so that the electromagnetic 
energy is collimated. The chemical coating at 1312, 1322, and 1332 will be of a type that 
will either change color or change its light passing characteristics when in contact with the 
target fluid or biological materials. In this methodology, the laser light that is reflected 
back toward the optical energy source will either be reduced in intensity, as compared to 
before any chemical changes were noted at the ends of the microneedles, or will have a 
color variation. 

Another use for this configuration is to provide optical energy directly into 
portions of skin that can be directly affected or stimulated by certain frequencies of light. 
In this instance, the laser light may directly provide either optical or thermal energy into 
skin tissue, or could provide a methodology for transferring such energy into muscle tissue 
at certain locations in an animal body. 
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Alternatively, the sensors can be integrated with the microneedle -array by layering 
the sensor components on the face of the device containing the protrusions that will 
perforate the skin. One or more layers can be used depending upon the complexity of the 
detection process. Simple conductivity measurements for analytes like sodium ions can be 
made with only one conductive layer of a biocompatible material, such as the layer 1312 
on Figure 5 6 A, or a layer 1372 on Figure 56B. 

More complex analyses (e.g., glucose) are accomplished by using several layers of 
sensing materials. To prepare an enzyme electrode, a biocompatible prepolymer doped 
with an enzyme, an enzyme modified with a polymerizable group, or an enzyme modified 
with a group that can be tethered or adsorbed to the electroconductive surface is coated 
on top of the electrically conductive polymer and is polymerized using a curing agent or an 
energy source such as light, or heat as necessary. This is illustrated in Figure 56B where 
the coating constitutes an enzyme layer that is depicted at 1374. The electrically 
conductive layer is depicted at 1372. A single microneedle structure 1370 is illustrated in 
Figure 56B as a longitudinal element protruding from a substrate 1360, however, it will be 
understood that many such longitudinal elements can be constructed on the substrate 1360 
to create a microneedle array (similar to, e.g., the microneedles 1310, 1320, and 1330 on 
Figure 56A). • ' 

The enzyme film can also be coated with additional layers of biocompatible 
polymers (as depicted at 1376) that can be employed to protect the sensor components 
from leaching, reactions with biological entities, or to regulate the access of analytes to the 
enzyme layer, As depicted in Figure 56B, the electrically conductive layer 1372, enzyme 
layer 1374, and "top" polymer layer 1376 are deposited on virtually the entire surface of 
the microneedle array, except for an portion at the end of the substrate structure, as 
generally depicted by the reference numeral 1365. The side walls of a microneedle array 
comprising multiple microneedle devices such as the microneedle structure 1370 are not 
completely coated with the enzyme layer 1374 or second polymer layer 1376, because 
those areas will be used for electrical contact with an electrochemical analysis circuit. 
Therefore, only the electrically conductive layer 1372 is deposited throughout the upper 
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surface of the substrate 1360, including the portions near the left (on Figure 56B) hand 
end, at the numeral 1365. 

These sensor component layers 1372, 1374, 1376 can be deposited on 
microneedles (e.g., microneedle 1370) by dipping the microneedle devices in the 
appropriate chemical reagents, spin-coating techniques, electro deposition, stamping, 
deposition of dry powders, and similar processes known by those skillful in the art. The 
left-end portion near 1365 is preferably masked during the deposition procedures for the 
enzyme layer or second polymer layer, thereby leaving exposed the electrically conductive 
layer 1372 in this region. 

The first conductive layer 1372 deposited on the microneedles can consist of many 
available materials; metals are preferred and include: Au, Cr, Ti, Pt, Ag, Cu. Conductive 
polymer mixtures such as 7,7,8,8-tetracyanoquinodimethane with tetrathiafiilvalene or N- 
methylphenazinium can also be used. Furthermore, conductive polymers such as 
poiyacetilene, polythiophene, polyparaphenylene, and polyphenylene vinylene and 
polyaniline can be used. 

The enzyme coating can be entrapped in any one of the following polymers or 
copolymer mixtures in the second layer at 1374: glutar aldehyde, poly(ethylene glycol) 
diclycidy ether and poly[(l-vinylimidazole) osmium (4,4'dimethyl bipryidine) 2 Cl], poly N- 
methylpyrrole, poly [(vinyl pyridine) Os(bipyridine) 2 Cl], cyclodextrin polymers, and 
gelatin. 

The outer biocompatible protection layer at 1376 can include: silicones, 
fluorinated-ethylene propylene, nafion, cellulose, poly(vinylpyridine) acetate, aziridine, 
polyurethanes, epoxies, fluorocarbons, acrylics, parylene, and polyimides. 

Another use for this configuration is to provide electrical energy directly into 
portions of skin that can be directly affected or stimulated by a small electrical current. In 
this instance, the electricity is conducted via the conductive layer 1372. If it is desirable to 
provide electrical current directly at the tips of the microneedles, then the enzyme layer 
1374 and protective polymer layer 1376 can be eliminated from the manufacturing process, 
leaving only the electrically conductive layer 1372 covering the entire substrate 1360 and 
microneedle structure at 1370. In this manner, electrical energy may be directly provided 
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into skin tissue, or could ultimately be transferred into muscle tissue at certain locations in 
an animal body. 

Figures 57A and 57B illustrate a refinement of the embossing process that was 
earlier described in relation to Figures 54A-54C. In Figure 57A, the microneedle substrate 
at 1400 has been deformed by a metal (or other type of material) mold at 1410. A single 
hollow microneedle structure is being formed in Figure 57A, as indicated by the cross- 
section cylindrical wall at 1402 and 1404. As the substrate material 1400 is cooled, shear 
forces are generated during the de-molding procedure which occurs when the mold 1410 
is removed from the upper surface of the substrate 1400. These shear forces will mainly 
occur along the inner surfaces of the walls 1402 and 1404, which indicate the inner 
diameter of the hollow microneedle near its tip. 

The amount of shear forces can be controlled by the cool-down temperature and 
timing as to when the mold 1410 is released. If the shear force is maintained at a sufficient 
magnitude, the final structure will not have a perfectly flat surface along the top of the 
microneedle, but instead will have a shape similar to that of the microneedle 1420 depicted 
in Figure 57B. In this microneedle 1420, the upper surface of the microneedle has sharp 
points at 1422 and 1424, and a rather arcuate shape along two of its semi-circular edges at 
1426. This shape also can be parabolic or elliptical in nature, and the important aspect of 
this shape is to provide sharper edges at the points 1422 and 1424. This is an alternative 
methodology for forming hollow circular microneedles that can more easily penetrate the 
stratum comeum of skin, and may not require the edged blades of the microneedle 
structures depicted in Figure 32. 

The star-shaped solid microneedle structures can also be created using a molding 
process similar to that depicted in Figures 53 A-53E, and 54A-54C. Of course, the solid 
microneedles will not require through-holes that are in alignment with the center of each 
microneedle, but will instead require through-holes in the substrate material at locations 
that are substantially proximal to the pair of blade structures near the top surface of the 
substrate. 

It will be understood that all types of molding or casting procedures could be 
utilized in conjunction with the present invention, so long as these molding procedures can 
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be utilized to create the very small structures required by the microneedles of the present 
invention. Furthermore, semiconductor fabrication techniques can be used to create the 
structures illustrated on Figures 32-36, using processes that were described hereinabove in 
reference to Figures 18-22. Certainly fluid reservoirs can be constructed for use with the 
microneedle structures of Figures 32-36, and furthermore various methods of use can be 
utilized with these microneedle structures, such as electrophoresis or ultrasound. 

Another use for arrays of microneedles is to apply semi-permanent or permanent 
markings to skin, or to apply semi-permanent subcutaneous makeup to skin. With regard 
to marking skin, the microneedle arrays could be used to apply identifications or other 
graphics, in a manner that is similar to applying tattoos. If the microneedles are made to a 
particular range of lengths, and will therefore not enter into the dermal layer of the skin, 
then these markings will be applied without any pain, as opposed to standard tattoo 
applications. 

One very useful situation for applying markings using the microneedle arrays of the 
present invention is to assist patient identification in hospitals and clinics by use of a 
permanent or semi-permanent marking, including the use of a special ink that would be 
invisible at normal light wavelengths, but instead would be visible using fluorescent light, 
for example, so that it could be discerned only with a special reader. Regardless of the 
exact light wavelengths that are visible with a particular ink used in the present invention, 
it is preferred that ink having particles of a certain minimum size be used for semi- 
permanent markings, so that the particles will not diffuse too far into the skin. Such 
diffusion is not desirable unless a permanent marking is desired. A dye may be used 
instead of ink; however, since a dye has smaller molecules, it would be much more likely 
to diffuse further into the skin, i.e., into the dermal layer (and possibly beyond) even when 
the microneedles themselves only penetrate into the epidermis. 

Any type of ink or pigments could be used if one or more colors are desired, so 
long as the particles that make up the ink or pigment coloration are of a minimum size. 
Iron oxide particles, chromium oxide particles, or titanium oxide particles are examples of 
ink or pigment materials that could be used in an ink that could be dispensed through the 
microneedles into the epidermis of skin. If these particles are sufficiently large, they would 
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not likely go through the entire epidermis into the dermis layer, but would_instead lodge in 
the epidermis. Since the epidermis layer is renewable, the marking will disappear from the 
skin after a time period. Therefore, a semi-permanent mark or tattoo can be easily applied 
using the microneedle arrays of the present invention. 

When using intracutaneous microneedles, the ink will remain in the epidermis layer 
and will not penetrate into the dermis layer, thereby reducing the risk of infection and of 
allergic response. Furthermore, no pain will be suffered' by the person having the marking 
applied, and the danger of infection is much reduced. 

The overall structure of the microneedle array could be supplied in the form of a 
microneedle "patch" that is attached to the skin at the time the ink is to be transferred from 
the microneedles to the epidermis. The microneedles each deliver an exact predetermined 
quantity of ink that will produce a marking or tattoo of very high quality. If a separation 
distance between the microneedles is maintained at about 100-300 microns for an array 
that is arranged in a hexagonal pattern, this will provide very high resolution for the 
purpose of tattooing, and this is much better than the spatial resolution that can be attained 
by conventional methods of applying tattoos. If the markings or tattoos are to be of 
different colors, then a precise pattern of ink colors can be supplied to the appropriate 
microneedles, and therefore, the color resolution of the final marking or tattoo should be 
much better than for any conventional tattoos. 

The microneedle patch could be made disposable, thereby making this 
methodology very safe and convenient. The user does not have to be concerned about the 
quality of the final marking, since the marking or tattoo is preset in the microneedle array 
itself. 

There may be situations where it is desired to produce permanent markings, 
including fluorescent tattoos that are invisible to normal light wavelengths. This 
permanent type of marking can be assured by extending the microneedle length so that it 
will definitely deliver ink into the dermis layer. This will provide a long-lasting tattoo, and 
this methodology will keep most of the benefits of the semi-permanent marking 
methodology described hereinabove. Permanent fluorescent tattoos could be used for 
permanent identification of patient blood type, allergies, and other important medical 
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conditions. Moreover, permanent tattooing could be used for invisible identification of 
certain persons, such as military personnel or convicted criminals. 

It is still preferred to use inks with pigments as opposed to dyes even when 
preparing permanent markings using the microneedle patch of the present invention. The 
particles that are used to produce the pigments and inks are superior to dyes, since the 
particles will much more likely stay in place, due to a low diffusion coefficient in the skin 
for particles of a "larger" size. As described above, a dye has much smaller molecules 
(particularly as compared to solid particles) and will be much more likely to diffuse further 
into the skin, which could mean that it could diffixse in a plane that basically is parallel to 
the surface of the skin, thereby blurring or otherwise deforming the pattern of the marking. 

The use of visible ink to make permanent markings is more preferable when 
marking animals or pets for identification. In this case, the preset designs made by the 
microneedle patch can be made as alphanumeric symbols to be applied to the skin of the 
animal in a series of symbols, in order to obtain the desired identification number or 
lettering scheme. In this situation, the microneedles of the patch will preferably be made 
of a sufficient length to penetrate into the dermis layer of the skin of the animal. 

One arrangement that could be useful for applying a marking to skin is a 
microneedle marking apparatus or microneedle patch that includes an array of 
microneedles and a housing that holds not only the microneedles in their appropriate 
locations, but also contains an electrochemical gas generator with a button-cell battery. 
The microneedle array is filled with marking inks, of either a single color, or of separate 
and different colors, as desired. If a single color is to be used, then a single reservoir can 
be used to source ink to each one of the microneedles that is to dispense ink into the skin. 
On the other hand, if different colors are to be used, then each appropriate microneedle 
will be required to have its own very small reservoir of appropriate ink color, which will be 
dispensed at the appropriate time into the skin. 

In situations where the microneedles are to dispense different colors of ink in a 
single microneedle array pattern, then the microneedle patch will provide an array of 
hollow microneedles in which a flexible membrane is attached to the base of each 
microneedle that is to dispense ink. Individual reservoirs are thereby formed beneath the 
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multiple flexible membranes, and these reservoirs are filled with the specific colored ink 
that will form the desired marking. The far or distal ends (i.e., the tips of the microneedles 
that will penetrate into the skin) for the particular microneedles that are not going to 
dispense any ink at all can be sealed by use of glue or some other deposition of material 
into the end of the microneedle, or by using heat to seal the microneedle end along with 
the attachment of a layer of plastic film at the end points. 

On the other hand, if a monochrome marking is desired, then a single large 
reservoir can be formed with a large flexible membrane that is attached to the bottom 
structure of the microneedle patch that is in contact with the base end of the microneedles 
(i.e., the end of the microneedles that is distal from the skin upon application of the 
marking). 

In both monochrome and multi-color markings, the microneedle patch structure is 
preferably made using a base structure having an internal air or gas volume that encloses 
the flexible membranes that are described above. Within this internal volume or cavity, the 
electrochemical gas generator is placed, with electrical leads that are attached to an 
actuation mechanism and the button-cell battery. Once actuated, electrical current is 
supplied to the electrochemical gas generator, at which time a gas is released to create 
pressure within the internal cavity, which will then increase pressure on the surface of the 
membrane surface (or membrane surfaces in the case of a multi-color microneedle array). 
When the gas pressure builds to a sufficient amount, the membrane(s) will be deformed to 
squeeze the ink through the hollow microneedles into the skin. Of course, the plastic film 
that was previously covering the external tips of the microneedles would first have to be 
removed before the microneedle patch is applied to the skin. 

In a preferred microneedle patch structure, the microneedles themselves are 
constructed of high strength plastic, such as nylon, by use of micromolding techniques 
such as LIGA or LIGA-like processes, including hot embossing, or hot embossing with 
silicon or silicon carbide molds that are microfabricated by conventional micromachining. 
Once the array of microneedles has been formed, a pattern can be created by selectively 
plugging certain microneedles using glue or heat, or adding or depositing material into the 
. microneedle hollow spaces, thereby preventing any type of ink or dye from flowing 
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through the hollow opening of the particular microneedle upon application onto skin. Of 
course, the microneedles that are to dispense ink will not be glued or plugged shut. 

An optional methodology for manufacturing the microneedle patches is to create a 
patterned array upon initial manufacturing of the microneedle array. This would create 
from the beginning a certain pattern that will not be changeable, and could be useful for 
high-volume markings. The alternative methodology is to create an entire microneedle 
array of hollow microneedles that all remain open until a later time, when it is actually time 
to determine what the precise pattern shall be for a particular microneedle patch. 

As discussed hereinabove, a preferred microneedle patch would be disposable, 
however, it certainly could be made reusable. The microneedles themselves could be made 
of other materials besides plastics, and for example could be made of metal, or could have 
a metal outer surface, and furthermore could be made of a silicon or a silicon dioxide 
material using semiconductor fabrication techniques. One preferred material for use as the . 
electrochemical gas generator is a zinc oxide compound, and when electrical current is 
applied to this material it will release oxygen to cause a pressure increase within the 
internal cavity. 

Referring now to Figure 58, a microneedle patch is illustrated in an elevational 
cross-section view in which the patch itself is generally designated by the reference 
numeral 1500. An array of individual microneedles that are hollow is indicated at the 
reference numerals 1510, and they are illustrated as penetrating through a stratum 
corneum layer 540 and into an epidermal layer 542. The microneedles are of a length that 
do not penetrate to the dermis layer at 544. Of course, for certain applications it may be 
desirable to increase the length of the microneedles 1510 so that they actually purposefully 
penetrate into the dermis layer 544. 

The microneedle patch 1500 has an internal volume or cavity that is generally 
designated by the reference numeral 1520. Within this cavity are multiple flexible 
membranes at 1514, and within each of these flexible membranes is (potentially) a different 
color ink, as indicated at 1512. Of course, the same color ink could be used in many if not 
all of these microneedles 1510, however, the structure illustrated in Figure 58 is specially 
designed for multi-color patterns to create markings on skin of different colors. An 
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electrochemical generator is also located within the cavity 1520, and the~electrochemical 
gas generator is designated by the reference numeral 1522. This gas generator is activated 
and powered by a battery that is illustrated in schematic format at 1524 on Figure 58. As 
described hereinabove, once the gas generator 1522 is activated, it will release oxygen or 
some other gas that will increase the pressure within the cavity 1520, thereby forcing the 
flexible membranes 1514 to deform downward as viewed on Figure 58. This action will 
squeeze the ink out of the small reservoirs at 1512 and through the hollow internal spaces 
of the microneedles 1510 into the epidermis 542. 

Figure 59 is another elevational view in cross-section of the top layers of skin 540, 
542, and 544, as before. However, the ink that was previously dispensed by the 
microneedles 1510 has now been deposited within the epidermis and stratum corneum 
layers, which has produced tiny pockets of colored ink, as indicated at the reference 
numeral 1530. If the ink, or pigments in the ink, are comprised of colored particles, then 
these pockets 1530 will remain essentially where they started in the skin, and will not 
diffuse either horizontally or vertically in the view of Figure 59. This produces a high- 
definition marking or tattoo, and will also assure that the marking/tattoo will eventually 
disappear from the skin, since the epidermis is renewable. 

Figure 60 is another elevational view in cross-section of an alternative microneedle 
patch, generally designated by the reference numeral 1550, that has individual 
microneedles at 1510 with individual membranes at 1514 which are accessible to being 
directly contacted by the human user. In Figure 60, a person's finger is designated at 1540, 
and the finger can be used to directly press against the upper surface of the membranes 
1514. 

When the person presses against the membranes 1514, the ink within the small 
reservoirs at 1 5 12 will be squeezed through the hollow openings in the microneedles 1510 
into the skin, specifically through the stratum corneum 540 and into the epidermis 542. In 
the embodiment illustrated in Figure 60, the microneedles 1510 are not of sufficient length 
to reach into the dermis at 544, although the microneedles could certainly be made longer 
if it were desirable to directly penetrate into the dermis. 

Since the microneedles are quite small with respect to a human finger, they will be 
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pressed in large numbers by even the smallest portion of a person's finger pressing against 
what may be perceived as only a small portion of the microneedle array. Of course, if a 
tattoo or specific marking is to be impressed into the skin, then it would be recommended 
that the person press his or her finger against the entire microneedle array, even though it 
may not be possible to do that in a single pressing operation, depending upon the physical 
length and width of the array 1550 as it is being placed into contact with the skin. At the 
scale of Figure 60, the eight (8) microneedles 1510 that are illustrated in a single row only 
cover a center-to-center total distance of about 0.7 mm, and certainly they would all be 
depressed or squeezed at one time if a person were to place their finger over these 
particular microneedle placements. 

Figure 61 is another alternative embodiment shown in an elevational cross-section 
view, in which a microneedle patch designated at the reference numeral 1560 includes 
"double-sided" microneedles. These double-sided microneedles are indicated at the 
reference numerals 1570, and preferably would have approximately the same separation 
distance (i.e. spacing) between centers of the hollow microneedles. Therefore, the human 
finger at 1540 would still depress virtually all of the upper membrane surfaces at 1514, 
thereby squeezing the ink out of all of the tiny reservoirs at 1512 through all of the hollow 
microneedles at 1570. 

As in Figure 60, the microneedles 1570 are shown as having a length that would 
allow the ink to penetrate through the stratum corneum at 540 and into the epidermis at 
542. Being of this length, the microneedles 1570 would not directly deposit ink into the 
dermis layer at 544, although these microneedles could certainly be made longer so that 
they would directly penetrate into that dermis layer. 

The illustrated embodiments of both Figures 60 and 61 are depicted as having 
individual membranes 1514 at the base end of the microneedles 1510 or 1570, 
respectively. This would allow for different colors of ink or different pigment colors in the 
ink (or other type of solution or fluid) to be placed within the tiny reservoirs at 1512, 
thereby allowing a multicolor marking or tattoo to be placed onto the skin by this 
microneedle array or patch. 

In Figure 60, the microneedle patch 1550 preferably would be shipped from the 
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factory with a plastic tape or other membrane (not shown on Figure ISO) covering the 
bottom tips of the microneedles 1510, similar to that illustrated in Figure 62 where tape 
1602 is used to protect the microneedle tips. The use of such tape will protect the fluids 
1512 within the pockets formed by the individual membranes 1514 from outside 
contamination. This could be very important if the fluids consist of a biological active, as 
discussed in greater detail hereinbelow. The use of the tape also prevents the fluids from 
prematurely leaking out of the pockets through the hollow microneedles 1510. 

In Figure 61, the double-sided microneedles 1570 are specifically designed to 
penetrate in both directions, i.e., both upward and downward as seen in Figure 61. The 
downward penetration is, of course, to penetrate the upper layers of skin, specifically the 
stratum corneum and into the epidermis. However, the upward penetration is to pierce the 
membrane^covered pockets of fluid 1512 when it is time to dispense that fluid. In the 
microneedle patch 1560, the fluid-containing pockets 1512 are formed with both a top 
membrane at 1514 and a bottom membrane at 1516. This completely seals the fluid at 
1512 within the individual pockets until needed. In fact, the fluid-filled membranes can be 
manufactured entirely separate from the microneedles 1570, in two completely unrelated 
processes, and the separate sub-assemblies are later matched in a final assembly line before 
shipment from the factory. For example, the microneedles 1570 could be formed by 
microembossing or by semiconductor fabrication techniques, as described hereinabove, 
while the fluid-filled membranes 1512 could be formed by completely different processes 
as a plastic-wrap structure. 

When it is time to dispense the fluid from within the pockets at 1512, the 
microneedles 1570 penetrate into skin using the lower (on Figure 61) portion of the 
microneedles at reference numeral 1574. Simultaneously, the microneedles 1570 penetrate 
into the fluid -filled pockets at 1512 using the upper (on Figure 61) portion of the 
microneedles at reference numeral 1572. This upper portion 1572 of each microneedle 
1570 is designed to pierce and penetrate the bottom membrane 1516 of a corresponding 
fluid-filled pocket 1512, and only then does the fluid become exposed to any type of 
outside contaminants. Of course, the fluid is simultaneously being squeezed from above by 
tactile pressure on the upper flexible membrane 1514 of each fluid-filled pocket at 1512, 
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and therefore, there is no substantial chance for any contaminants to enter through the 
microneedles 1570 (since the fluid is being forced through the hollow microneedle 1570 in 
the downward direction as seen on Figure 61). 

Figure 62 is an elevational view in cross-section of a microneedle patch apparatus 
that is generally designated by the reference numeral 1600. Microneedle patch 1600 
includes a very large number of individual microneedles at 1610 that are constructed in an 
array format, preferably with a spacing that is approximately one hundred microns from 
center-to-center of the individual microneedles 1610. This array pattern could be a 
hexagonal pattern, or -any other type of geometric pattern that makes sense to the 
manufacturer or to the user. The microneedles 1610 preferably are hollow in this physical 
structure, and have a common reservoir of ink that is indicated at 1612. 

The microneedle patch 1600 is generally constructed of a housing that includes a 
bottom substrate at 1606 that supports and holds the microneedle array in place, and also 
provides a surface for a strip of double-sided tape or adhesive hydrogel placed around the 
perimeter of the microneedle array substrate 1606 (i.e., on both the left and right ends as 
viewed on Figure 62), as indicated at the reference numeral 1604. This double-sided tape 
(or double-stick tape) 1604 is used to temporarily hold in place the microneedle patch 
apparatus 1600 on the skin during its operation as well as to hold a thin layer of protective 
film 1602, that will protect the microneedles 1610 after manufacturing and during 
shipment, up until the time of actual use. When it is time to use the microneedle patch 
1600, the protective film 1602 can be easily removed by hand from the two pieces of tape 
1604, thereby uncovering the distal end of the individual microneedle 1610, for placement 
on and penetration into the skin. 

The microneedle patch housing also encloses the reservoir 1612 which has a 
flexible membrane at 1614 to hold the liquid ink, or dye, or other useful substance within 
the desired spaces within the cavity that is designated by the reference numeral 1620. The 
upper wall or ceiling of the cavity 1620 is mainly formed by an electrochemical gas 
generator that is designated by the reference numeral 1622. As described hereinabove, 
electrochemical. gas generator 1622 will, upon activation, release a gas that will pressurize 
the air spaces within the cavity 1620, which will tend to force the flexible membrane 1614 
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down (as viewed on Figure 62), thereby forcing the ink or other liquid substance at 1612 
to flow through the hollow microneedles 1610. 

On Figure 62, a button-type battery is indicated at 1624, and some electrical wires 
are indicated at 1626, which provide a pathway for electrical current from the battery to 
flow into the electrochemical gas generator 1622. It is preferred that some type of 
activation device, such as a bubble switch or other type of membrane pushbutton switch 
(not shown) be utilized to actuate the electrochemical gas generator 1622. Once 
activated, the gas generator can be allowed to automatically proceed and dispense all of 
the usable portion of the liquid substance (e.g., ink) through the microneedles 1610, even 
if the pushbutton switch or other type of membrane switch becomes non-activated by the 
human user. In other words, once the pushbutton switch or other type of switch is 
activated, it could be "latched in" by simple electronic logic so that the gas generator will 
run continuously until the ink is dispensed. 

Alternatively, it may be desirable to allow the gas generator to only run for small 
time intervals, in which case the pushbutton switch should directly control the electrical 
current flowing from the battery 1614 into the electrochemical gas generator 1622 such 
that if the pushbutton switch or other actuation device is not being actuated by the human 
user's finger, then the gas generator 1622 will stop generating gas (even if some ink or 
other fluid still remains within the reservoir cavity 1620). 

Figure 63 is another elevational view in cross-section of the microneedle patch 
1600 after its protective film 1602 has been removed from the distal end of the 
microneedles 1610 and the double-sided tape 1604. In Figure 63, the microneedle patch 
has been positioned on the surface of some skin, which is indicated at the reference 
numeral 1630. In the view of Figure 63, the electrochemical gas generator 1622 has not 
yet been activated, and the full supply of liquid substance at 1612 still remains within the 
reservoir cavity at 1620. This can be easily discerned by the fact that the flexible 
membrane at 1614 still retains a convex shape as seen from above on Figure 63. This 
situation will, of course, change as soon as the electrochemical gas generator 1622 is 
activated and current is supplied from the battery 1624. 

Figure 64 is another elevational view in cross-section of the microneedle patch 
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1600 as it is positioned on the skin 1630. • In Figure 64, the ink (or other liquid substance) 
has been almost entirely dispensed through the microneedles 1610 and into the skin. The 
ink (or other liquid substance) is depicted in Figure 64 as now comprising multiple small 
patches of ink or liquid, as generally depicted at the spots 1632 on this figure. The ink (or 
other liquid substance) does riot uniformly flow through every single microneedle 1610 
within the array that is provided by the microneedle patch structure 1600, but instead only 
flows through a set of predetermined microneedles that were not closed up, sealed, or 
plugged by some methodology during manufacturing, thereby rendering a specific pattern 
of markings (or tattoos, if desired) in the skin upper layers, as was described'hereinabove. 

In Figure 64, the flexible membrane 1614 is depicted as having a concave shape as 
viewed from above. This indicates that the gas generator 1622 has been activated, and the 
air pressure within the cavity 1620 has increased to a sufficient magnitude to force the ink 
or other liquid substance to flow through the microneedles 1610 into the skin 1630. The 
pressure required to force the ink into the skin may be considerable, since the skin 
membranes have a certain internal pressure that would certainly resist any particular new 
liquid or other substance in solution to be forced through the stratum corneum into the 
epidermis. This additional pressure that must be produced by the gas generator 1622 is, of 
course, an important design parameter. 

Figure 65 is an elevational cross-section view of another microneedle patch 
apparatus that is generally designated by the reference numeral 1650. The microneedle 
patch 1650 has a similar structure in some respects to the microneedle patch 1600 that was 
depicted in Figures 62-64. However, microneedle patch 1650 also has some important 
differences, the main difference of which is that there is no electrochemical gas generator 
and no battery or other electrical power supply required. In addition, there also is no 
internal cavity or chamber that can be pressurized. Instead, the flexible membrane 1614 is 
exposed to direct contact by a human finger or some other type of tactile device. 

The bottom portion (as viewed in Figure 65) of microneedle patch 1650 is virtually 
identical to the bottom portion of the microneedle patch i600. There is a bottom wall at 
1606 that provides the substrate structure for the array of microneedles, in which the 
microneedles are indicated at 1610. In addition, the bottom portion also includes some 
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double-sided tape or adhesive hydrogel at 1604 that is used to hold the microneedle patch 
apparatus 1650 on the skin during its operation as well as to hold a protective film (not 
shown on Figure 65) in place after manufacture of the microneedle patch 1650 and during 
shipment, until the time of actual use. Since the microneedle patch 1650 is illustrated in 
Figure 65 as being placed upon the upper surface of skin (at 1630), this protective film or 
tape would already have been removed. 

The flexible membrane 1614 is illustrated in Figure 65 as having a convex shape as 
seen from above in this view. Therefore, a large quantity of ink or other liquid substance 
is contained below that membrane 1614, as illustrated at 1612 on Figure 65. The ink (or 
other liquid substance) 1612 will remain in this position until pressure or some other type 
of force is exerted against the membrane 1614. Such pressure or force can easily be 
applied by use of a human finger, as depicted at the reference numeral 1640. 

Figure 66 shows the result of the use of force provided by a human finger at 1640 
against the microneedle patch 1650. Figure 66 is another elevational cross-sectional view, 
in which the microneedle patch 1650 remains atop a layer of skin at 1630. The finger 
1640 has been pushed as far down as it can in this illustration, and therefore the flexible 
membrane 1614 has now been forced into a concave shape as seen from above in this 
view. When this occurs, virtually all of the ink (or other liquid substance) at 1612 has 
been forced through the hollow openings of the individual microneedles 1610 which are 
available to allow liquid to flow therethrough. Of course, certain of the microneedles 1610 
in the microneedle array are closed by a plug or some other method of sealing, and 
therefore, not every individual microneedle 1610 will have any type of ink or other liquid 
substance flowing through its hollow center. 

On Figure 66, the end result is a series of small ink spots that are depicted by the 
reference numeral 1632. These small spots comprise the markings that are predetermined 
by the microneedle array pattern that determines which hollow openings of the 
microneedles 1610 will remain open to allow the ink (of other fluid) to flow therethrough. 
Whether or not these small ink patterns or spots 1632 are placed into the epidermis layer 
only, or whether they penetrate further into the actual dermis layer, is a function of the 
length of the individual microneedles 1610. Depending upon whether or not the marking 
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is to be permanent or semi-permanent, then the microneedle patch 1650 will be 
constructed accordingly. 

It will be understood that all manners of size and shape of microneedles can be 
used to dispense ink (or other fluid) in patterns or spots as described hereinabove, without 
departing from the principles of the present invention. While hollow microneedles are 
preferred for these applications, solid microneedles could instead be used, whereby the ink 
(or other fluid) patterns would be determined by predetermined hole placement in the 
substrate (as illustrated, for example, in Figures 24, 26, 29, and 35-36 where holes are 
placed adjacent to solid microneedles of various shapes). 

The structures that have been described hereinabove in reference to Figures 58-66 
are useful not only for marking or tattooing skin, but also for delivering specific 
compounds or actives into the skin for other useful purposes. For example, cosmetic 
compounds or nutrients, or various skin structure modifiers can be delivered 
subcutaneously without having to visit a cosmetic surgery clinic and without having to pay 
the typically very high fees for some type of skin enhancement service. In addition, some 
type of color cosmetics could also be delivered subcutaneously to provide long-term 
benefits for the skin, and even makeup or lipstick-type coloring compounds can be 
delivered by use of the microneedle patches described hereinabove. 

Conventional makeup provides two major benefits for a consumer: (1) 
improvement of the skin structure, and (2) enhancement of skin color. The benefits of 
conventional makeup are normally active for only a short period of time, for example, a 
single day. People desiring to have longer term benefits may choose to undergo cosmetic 
surgery to enhance their appearance. Such cosmetic surgery procedures are very 
expensive, and such costs can be prohibitive to many people. 

When using the microneedle array structures in the form of a microneedle patch as 
described hereinabove, color cosmetics can be subcutaneously delivered into the skin to 
provide long-term benefits. If these color cosmetics are delivered into the epidermis, they 
would remain in place for at least one or two months, and therefore, would reduce the 
number of times an application is needed to once every one or two months, as compared 
to thirty or sixty times during the same time period if conventional cosmetics are applied 
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once per day. Since the epidermis is renewable, the color makeup or color cosmetics that 
are delivered using the microneedle patch of the present invention would eventually wear 
out, since the epidermis is renewable. 

The microneedle patch of the present invention provides a method for injecting 
color cosmetics and skin structure improvement ingredients subcutaneously by use of an 
intraepidermal microneedle array. The epidermis is a renewable layer of skin located 
beneath the stratum corneum (which is a dense layer of high-density cells), and the 
intraepidermal injection allows large molecules to be delivered across the stratum 
corneum. By use of this intraepidermal injection, the delivered molecules will 
automatically be removed from the epidermis by natural skin removal, after 1-3 months for 
most people. 

Therefore, the delivered color pigment or dye, or skin structure support actives 
(such as polymers) will remain in the epidermis for only a finite time (e.g., 1-3 months), 
and then will be expunged from the body. This allows a person to change their "look" 
according to changes in fashion and style, which typically change every season. By use of 
the microneedle patch of the present invention, a person will nevertheless save large 
amounts of time by eliminating the need of applying makeup every single day. Moreover, 
the use of the microneedle patch of the present invention also provides an additional 
possibility of creating high definition color patterns on the skin that cannot be achieved 
with conventional color cosmetics. 

The intraepidermal injection that can be achieved by the microneedle patch of the 
present invention does not involve contact with blood, and is not life threatening. 
Therefore, this intraepidermal injection may be performed by an individual consumer 
instead of by trained medical personnel. While the intraepidermal makeup may be slightly 
more expensive than regular color makeup available today, it will nevertheless be much 
less expensive than cosmetic surgery. 

The microneedle patch structure that can deliver cosmetics or nutrients or skin 
structure improvement ingredients will preferably be very similar or identical to the 
microneedle patch structures described hereinabove that were able to be used in creating 
markings or tattoos on skin. There may be some difference in the actual size of the 
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microneedles in the array, or in the pressures used to dispense the various materials, 
especially if certain cosmetic compounds or nutrients have a greater or lesser viscosity as 
compared to inks or dyes used in creating markings or tattoos. The overall structure 
would nevertheless be similar, and preferably will include a microneedle array that includes 
either individual membranes or one large membrane to dispense the cosmetic compounds, 
nutrients, or skin structure improvement ingredients. 

If multiple colors are desired, particularly for some type of makeup that will create 
a high definition color pattern on the skin, then individual membranes with individual 
reservoirs of color cosmetic compounds per single microneedle would be preferred, such 
as depicted in Figures 58 and 60. The delivery mechanism would then be a consideration, 
and if it is desired for the delivery mechanism to be more or less automatic, then the 
enclosed microneedle patch structure 1500 of Figure 58 would be used, which has a 
battery 1524, electrochemical gas generator 1522, and an internal volume or cavity at 
1520 that will be pressurized to dispense the ingredients through the microneedles. 

On the other hand, if the delivery mechanism can be manual rather than automatic, 
then the microneedle patch 1550 illustrated in Figure 60 could be used, in which the 
individual membranes 1514 would be actuated by a human finger, such as that finger 1540 
in Figure 61. 

If the color of the cosmetic compound/nutrient/skin structure improvement 
ingredient will be only a single color and have the same chemical composition, then the 
microneedle patch structure 1600 illustrated in Figure 62 could be utilized, or the 
microneedle patch 1650 illustrated in Figure 65. Again, the difference is the delivery 
mechanism. If delivery should be automatic for some applications, then the enclosed 
structure 1600 would be recommended, having the battery 1624, large flexible membrane 
1614, electrochemical gas generator 1622, and enclosed cavity 1620. On the other hand, 
if manual delivery by tactile means is acceptable or desirable, then the microneedle patch 
structure 1650 could be used, and a person's finger could be the actuating mechanism. 

The fabrication of the microneedle patches used to dispense color 
cosmetics/nutrients/skin structure improvement ingredients would be similar to the 
microneedle patches used to provide marking or tattooing capabilities. It is preferred that 

77 



JSDOCID: <WO 0191B46A2_I„> 



WO 01/91846 



PCT/US01/17188 



the microneedle array be constructed of high strength plastic, such as^nylon or PMMA 
using micromolding methods such as LIGA or LIGA-like processes, including hot 
embossing, or hot embossing with silicon or silicon carbide molds that are microfabricated 
by conventional micromachining. The flexible membrane is then attached to the base of 
each microneedle by membrane transfer microfabrication methods. The reservoirs formed 
thereby are then filled with color cosmetics or skin supporting polymers in order to form 
the desired color or structure pattern, and then temporarily sealed by attaching a plastic 
film (e.g., film 1602 on Figure 62). Certain microneedle points could be glued or 
otherwise permanently sealed to prevent the dispensing of any compound through those 
particular hollow microneedles. 

The color cosmetics or skin support structures could be made monochrome, and 
therefore, a single large reservoir could be used to dispense the compounds through all of 
the appropriate microneedles, as depicted in Figures 62 and 65, for example. On the other 
hand, if a color pattern is desired, then the individual small reservoirs per microneedle 
would be used, as per the designs illustrated in Figures 58 and 60. 

When it is time to apply the subcutaneous makeup to the skin, the human consumer 
or user selects a microneedle patch having the desired pattern or ingredients. The 
protective plastic film is stripped away (e.g., the film 1602 on Figure 62) from the 
microneedle array. The microneedle patch is then applied to the skin, and the 
electrochemical gas generator is activated by pressing a switch button on the microneedle 
patch. The gas thereby produced forces the flexible membranes (or single flexible 
membrane) that covers the makeup ingredients to be forced through the openings in the 
respective microneedles, and into the epidermis. Alternatively, the microneedle patch 
could be operated manually, as described above. Once the makeup ingredients have been 
injected, the microneedle patch is discharged, although it certainly could be made as a 
reusable device, if desired. 

In addition to creating color patterns by use of color cosmetics, the microneedle 
patch of the present invention can dispense skin structure improvement ingredients or 
nutrients, such as polymers that can be used to remove wrinkles. Other types of skin 
structure modifiers can also be applied through the microneedle patch, including such 

78 



JSDOCID: <WO 0191848A2_I_> 



WO 01/91846 



PCT/US01/17188 



ingredients as fat, collagen, botulinurn toxin, fibril, silicones, hydrogels, elastomers, and 
colloids. In addition, a semi-permanent lipstick compound could be applied directly to 
human lips, and the coloring thereby introduced to the lip skin would be semi-permanent 
from the standpoint that it would last for at least one month, and possibly up to three 
months. If the microneedles are made short enough that their structure only penetrates 
into the epidermis, then there would be no pain involved in using the microneedle patch 
virtually anyplace on the human body. Moreover, there would be very little danger of 
infection or other type of toxic effects. 

Figure 67 illustrates a microneedle patch 1700 consisting of solid microneedles 
1710, which are of sufficient length to penetrate into the epidermis, but not into the dermis 
(in this particular configuration). Of course, longer microneedles could be used to 
penetrate directly into the dermis, if desired. The microneedles 1710 are supported by a 
substrate material at 1720. 

In the configuration of Figure 67, the solid microneedles 1710 are used to create 
multiple tiny openings in the skin through the stratum corneum 540 and into the epidermis 
542 (but not into the dermis 544). The human user manually applies the patch 1700 onto 
the skin by holding and pressing the substrate layer 1720 against the surface of the skin, 
thereby pushing the solid microneedles 1710 into the skin. This can be done either just 
before or just after application of a fluidic substance containing particles or an active, such 
as color cosmetics, skin structure improvement ingredients or nutrients, or skin structure 
modifiers, such as polymers, fat, collagen, or any of the list of compounds as noted 
hereinabove. 

The fluidic compound used to transfer particles into the skin can comprise a liquid- 
type or cream-type substance, or an ointment, which is applied directly to the skin. If the 
fluidic compound is applied first, then the microneedle patch 1700 will preferably be 
pressed against the skin in the same area very soon thereafter. The microneedle patch 
1700 would be applied for about ten (10) seconds, then removed from the skin surface. 
Some of the fluidic compound already on the skin surface would be forced into the tiny 
holes made in the skin as the microneedle patch 1700 is pressed onto the skin, and other 
portions of the fluidic compound would then soak into the skin through the tiny holes left 
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behind after the microneedle patch 1700 has been removed from the skin surface. If 
desired, the skin having the fluidic compound can be further rubbed to assist in penetration 
of the compound into the epidermis. 

If the fluidic compound is applied after application of the microneedle patch 1700, 
then the procedure is as follows: press the microneedle patch 1700 against the skin for 
about ten (10) seconds, then remove the patch from the skin surface. Shortly thereafter, 
apply the fluidic compound (in the form of a liquid, cream, or ointment) directly onto the 
same area of the skin. This should take place within an hour after the application of the 
microneedle patch 1700 against the skin, preferably sooner. The skin having the fluidic 
compound can be further rubbed to assist in penetration of the compound into the 
epidermis. Then leave the fluidic compound on the skin surface for a day. 

Another alternative methodology for using the microneedle patch 1700 is to 
deposit the fluidic compound directly onto the surface of the microneedle array, i.e., on the 
surface of the solid microneedles 1710 and the adjacent substrate 1720. This deposition 
could be performed at the factory, such that the microneedle patch 1700 is shipped already 
containing the fluidic compound, or alternatively, the deposition could be performed by a 
human user before the microneedle patch 1700 is applied to the skin surface. 

The physical deposition of the fluidic compound upon the microneedle array could 
be accomplished in many different ways known in the art, depending upon whether the 
fluidic compound is in the form of a liquid, cream, or ointment, and depending upon the 
viscosity of the fluidic compound. Of course, a liquid having low viscosity is probably not 
a likely candidate for being applied at the factory, since such a low viscosity liquid would 
not be prone to remaining in place on the microneedles. On the other hand, an ointment or 
cream (or even a high viscosity liquid) could be applied at the factory and be expected to 
remain in place. If the microneedle patch is provided in a one inch by one inch size, for 
example, then only a relatively small amount of the fluidic compound is required. This 
approach may be more efficient in usage of the fluidic compound, since it will use only an 
amount of the fluidic compound required to cover the microneedle patch, rather than 
having the human user manually cover an area of skin that would likely be larger than the 
portion of the skin that will actually receive the patch 1700. 
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The particles in solution or suspension within the fluidic compound will easily 
penetrate into the epidermis, and will remain there in substantially the same precise 
locations. This allows for very exacting placement of color materials, such as color 
cosmetics, to create a pattern of colors that will be visible when viewing the skin. 

It will be understood that the solid microneedles 1710 could be of any size and 
shape without departing from the principles of the present invention. For example, the 
conical shape of microneedles 1710 is similar to that depicted in Figure 29. However, the 
"sharp" solid microneedles 900 illustrated in Figures 35 and 36 would do quite nicely for 
use in the solid microneedle patch 1700. Of course, the through-holes 940, 942, and 944 
on Figure 36 are not necessary, as noted above, since the fluid will not be dispensed 
through the substrate of the microneedle patch. 

Moreover, it will be understood that the length of and spacing between the 
microneedles 1710 could be of any dimensions without departing from the principles of the 
present invention. It will be further understood that the patch size in length and width of 
microneedle patch 1700 could be of any dimensions without departing from the principles 
of the present invention. 

The foregoing description of at least one preferred embodiment of the invention 
has been presented for purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise form disclosed. Obvious modifications 
or variations are possible in light of the above teachings. The embodiments were chosen 
and described in order to best illustrate the principles of the invention and its practical 
application to thereby enable one of ordinary skill in the art to best utilize the invention in 
various embodiments and with various modifications as are suited to the particular use 
contemplated. It is intended that the scope of the invention be defined by the claims 
appended hereto. 
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What is claimed is: 

1. A microneedle array structure, characterized in that it comprises: a plurality of 
microneedle elements having a first end and a second end, said microneedle elements 
extending from a base element at said first end of the microneedle elements; and at least 
one reservoir containing a fluid, said at least one fluid-containing reservoir having a 
flexible membrane at a first surface and being in communication with at least one of said 
plurality of microneedle elements at a second surface; 

wherein said first surface of the flexible membrane, upon actuation, forces the 
fluid from said at least one fluid-containing reservoir in a direction toward said at least 
one of said plurality of microneedle elements. 

2. The microneedle array structure as recited in claim 1, further comprising: an 
enclosed cavity that contains said at least one fluid-containing reservoir and an 
electrochemical gas generator that, upon activation of an electrical power source, 
produces a pressurizing gas that actuates said first surface of the flexible membrane. 

3. The microneedle array structure as recited in claim 1 or 2, wherein said first 
surface of the flexible membrane is of a size and structural integrity to withstand a direct 
tactile actuation. 

4. The microneedle array structure as recited in any of claims 1-3, wherein the 
second end of said plurality of microneedle elements is positioned so as to penetrate a 
stratum corneum and into an epidermis of skin, and wherein said fluid is dispensed 
through hollow openings of a predetermined quantity of said plurality of microneedle 
elements into said epidermis, such that said fluid will become semi-permanently resident 
in the epidermis until it is expunged by skin renewal. 

5. The microneedle array structure as recited in any of claims 1-4, wherein said at 
least one reservoir comprises a single reservoir that provides fluid to all of a 
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predetermined .set of said plurality of microneedle elements, and thereby dispenses a 
single fluid of a single color from said plurality of microneedle elements into skin, 
wherein said single fluid of a single color preferably comprises one of: visible ink, visible 
dye, fluid containing particles of a visible pigment, ink invisible to unaided human eyes, 
dye invisible to unaided human eyes, fluid containing particles of a pigment invisible to 
unaided human eyes, a cosmetic compound, a nutrient, or a skin support structure 
compound. 

6. The microneedle array structure as recited in any of claims 1-4, wherein said at 
least one reservoir comprises a plurality of individual reservoirs that each provide fluid to 
a single one of a predetermined set of said plurality of microneedle elements, and thereby 
dispenses at least one fluid of more than a single color from said plurality of microneedle 
elements into skin, wherein said at least one fluid of more than a single color preferably 
comprises one of: visible ink, visible dye, fluid containing particles of a visible pigment, 
ink invisible to unaided human eyes, dye invisible dye to unaided human eyes, fluid 
containing particles of a pigment invisible to unaided human eyes, a cosmetic compound, 
a nutrient, or a skin support structure compound. 

7. A method of dispensing a fluid into skin, characterized in that it comprises: 
providing a microneedle array structure that includes a plurality of microneedle 

elements that extend from a base element; and at least one reservoir containing a fluid, 
said at least one fluid-containing reservoir having a flexible membrane at a first surface 
and being in communication with at least one of said plurality of microneedle elements at 
a second surface; 

positioning said microneedle array structure on the surface of skin, and pressing 
said microneedle array structure into said skin; and 

actuating said first surface of the flexible membrane to thereby force the fluid 
from said at least one fluid-containing reservoir in a direction toward said at least one of 
said plurality of microneedle elements and into said skin, 
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wherein said fluid preferably comprises one of: a visible ink, a visible dye, a fluid 
containing particles of a visible pigment, an ink invisible to unaided human eyes, a dye 
invisible dye to unaided human eyes, a fluid containing particles of a pigment invisible to 
unaided human eyes, a cosmetic compound, a nutrient, or a skin support structure 
compound. 

8. The method as recited in claim 7, wherein said microneedle elements penetrate 
into an epidermis of said skin, and said fluid becomes semi-permanent in said epidermis. 

9. The method as recited in claim 7 or 8, further comprising: directly actuating 
said first surface of the flexible membrane by pressing with a human finger. 

10. The method as recited in any of claims 7-9, wherein said cosmetic compound 
comprises one of: a skin nutrient, makeup, a skin support structure compound, a polymer, 
a collagen, a lip coloring compound, botulinum toxin, fibril, silicones, hydrogels, 
elastomers, or colloids. 
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